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nPHBETCTBHE BAlgCT~TEHR nPEnCEnATEHR rOCKOMHTETA 
no ~CnO]l3OBAHMD ATOMHO" BHEpr~H 

npo~. M.n.UOPOXOBA 

YBs.aeMye ASMY B rocnoA8. B8mH rOCTH. BonnerH 
I TOB8PI~1 ! 

Bonee 20 net yqeRye YHOrKX naOopatopKA MKPS BeAYT ynopHYD OOPb­

Oy aa OBnBAeHHe aHeprHeR ynpaBnHeMOro TepuoHAepHoro cHHTeas, cynH­

~ero qenOBeqeCTBY OearpSHHQHye 3HepreTHQeCKHe nepcneKTHBY. H He 

OWHOYCb,ecnH CKSzy,QTO RSA 3ToA npoOneMOA psOOTseT UBeT ~HaHqeC­

KoR HSYXH,CaMYe tanSHTnHBye H 3HeprHQRye yqeHye.HccneAoBSHHH no 

npoOneue tepUoRAepHoro CHRteas CTHYynKPOBanH rpOMSAHoe pscwHpeRHe 

R8WKX aRaBHn 0 nnsaMs,oASoM Ha CaMYX pscnpoctpsReHRHX COCTORRHR 

ustepHH, H nOpOAHnB K IH3RB ~enYR PRA npHKnSARHX RanpsBneHHA 

B Rsyxe B telHHKe. aro HctOpHR BanetOB H nBAeHHA, neCCHMH3MS 

H onTHKK3ua. 

B BaCTofl~ee BpeMH BaOXOASeTCfl pesloe •• ap8CT8Ree BBTepeC8 

K npoOneMe ynp8BnHeMoro CHBreae. 06ycnoBneHHoe 06HaAelaB8~HMH 

peaynbToT8MB BccneAOB8HHI nOcneAHHX neT. 

Pe_eBae np06~eMY ynp8BXHe.yx TepMOHAepBYX pe8K~el - aTO He 

npOCTO YBneqeHee ~HaBBOB, 1AOBneTBopHm~HX CBoe xoOonHTCfBO aa 

Cqef rOCYA8pOTB8. OrHCB8RHe BOBYX cnocoOOB nonyqeBHfl 8Hepraa 

CT8ROBI'CH caMUM 81TY8AbBHM .,npOCOM XX BOH8. ocrpOT8 KOfoporo 

co BpeMe&eM OYAeT rOXbKo 18apaCf8r~. 

PaaIB'IO BBeprerlBB aa aOCXOABBO 100 ~~, rOlopBf 0 aenpep~!­

BO. B8MeBeB •• CrpYlfypB .Ipo.oro 9BSprOTHqeCBOrO d8~8Bca I 

CTOPOHY ,onnll8 0 donoe BHCOBol renno'IopBoI cnocoOBOCT~m. 
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Ba CII811Y yrJID npHlllIO ")11108 H rasoo6pasB08 rOpllq88, a B 

B8C~OH_88 BP811H BaqBBae~CH BnoXB H~8pHoro TonnlBO, BOBneBTpB -

pYIl_8ro orpOIIHH8 B811HQBBY 8B8prHH B BHqTOKBOR .acce Be.8C~B8. 

~ollrOCpOQBye nOTpe6BOCTH B aBepraH .0rYT 6YT~ y~OBI8'BO­

pOBY ao CqOT ~Byx H~epBYX npOnOCCOB : ~8neBHI H~ep THKenHX 

SlIelleBTOB a CBBTeaa H~ep laOTonOB Bo~opo~a. ATOIIBOB 8Bepre~BK8, 

OCIIOBYBOIl_OHCH BO nepBOII npOnecce, 1Ie B nonsol lIepe BCTynanB 

HO ny~~ npaSTHQ8CHOI YTBlIBS8nH8 H~epHoR B8SprBft. YnpOBlIH811YA 

TSPIIOH~SPBHA CBBT8S, B clIyqse sro PSOllISOnBB, CynHT qellOBeqeCTBY 

He8CqepnsellHA BC~OqBHS ~emeBOa SHOprBft, 60llee q8CTHA 8 6eaonoc -

BHA, noaBollBIl_HI B npHBnBne lIyqme pe.BT~ 8BOllOrBqeCSHe np06nellY 

3ellllH. 

B nOClIe~BBe rOAH nepcneBTHB8 oc~eDTBneBH8 ynpeBlIB8110ro 

TeplloH~epBoro CHBT89S SBOqftT811~HO npoHoBBlIac~ 6l10rO)lllpH IBTeB­

CBBHHY BCClIe~OBOBIHII no CTOBml1l 1Ie SlIeOCaQ8CBHIIB 80npaBlI8BIHII 

OTSpYTHX lIarllBTBYX 1I0Bymes, Bllny~cBHX npOneccoB TBns "~aTo -

nBsr" H, rllOBHHY oOpasoll, aOIlBBYTYX lIarBBTBHX 1I0BymeR 'Ino 

"'OR8110S". y~alloc~ cy_eoTBeHHO nOBYoa~~ TellDepSTYPY, nllOTBOCT~ 

B BpeUH IBSBB 8BeprH8 nllOSIIY. 0)111811 Ba c~eCTBSHHHX peaYlI~'OTOB 

ClIS~YS~ CQHTaT~ c6X.leBle pe3Y~TOTO~ 9BcnepllleHTOB C TBopHel. 

BCB STO YBpenXHeT YBepSBBOCT~ B JOaIlO.BOC~R nOllyqeBIH B 6nRI8A.ell 

6YAY~ell n8pOlle~pOB nxaallH, Be06xo~HIYX ~ HOQOXO C8110no~epl.­

BOIl.elcH !epIIOB~epBOa peaB~ •• 

Sa nOClIS)IIIIe BeCSO~HO lIBT OTKpKlao~ BoaIlOIBOCT~ BOXOC -

ca~Bol BOBneBTpOnBI 8BsprHH BO SpellBBI I npOCTpOBC!!e B XyqB 

lIaaepo B nyqBe peXHTHBICTCHIX 8l18BTPOBOB, B~!.8YBma. · BOBHe 

H~eH no IBB~lpOBaHIIl ynpaBXHellYX TepIIOH~pBYX peaK~R CIB!eS8. 

9TO 8BlIHeTCH e~e 0)111111 ~ORTOpOII, YBpenllHlllBI 888Y YBepSBBOCT~ 

B yonemHos pemeBle np06xellY. 
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nOCTHrBYTHB pBaYXL~aTH 8TO TonLKO napBHB,XOTH H TpY~BHa, 

marH Ba nYTH pemBBHH up06nBHH. llpa~CTOHT a~e BHHCHeBHa rpOMa~­

Horo KOnHqaCTBS ~HaBqaCKHX BonpOCOB DOBe~eBHH nnaaMH, YCTanOB­

neBafl saHOBOB Do~o6HH, paapa60TKH BOBHX cnoc060B BsrpeBS a 

~HsrHOCTHKH DnaaMH, ~OCTHESHHfl napaHSTpOB Dna3MH, BB06xOAHMHX 

~nfl BaqanS CaYODO~BpHHBsn~B~CH !epYOflABpHO~ peaKUHH npBH~a, 

qBM MOHHO 6YABT npHcTynHTL K CTpOHTsnLCTBY TepYOflASpBoro PSSK -

Topa. 

np06neMa nonyQSBHH aHeprHH C nOUO~Lm ynpaBnHeYOrO TepyO -

flAspHoro CHHTsaa BHmna 8a paYKH KHTapaCOB OTAsnLHO BaHTO~ CTpaHH. 

3aAaqa, CTOfl~aH nspSA BaMB, 8aCTonLHO rpaBABOSHS, qTO OBa Tpe -

6yST RonnSRTHBHoro YCBnHH BCSX CTp8H. 

B COBpSyeBHOY YHpe,OOnHOM B8~eHA Ba DonOHHTsnLHHe peSYXL -

T8TH HSqSBmeRcfl paapH~. yeHAYB8pOABO~ BanpHHeHHOCTH, coaASHH 

HCKmDqHTanLBO 6nsroopHHTBHe ycnoBHH AnH yeZ~YBspOABOro COTPYABH­

qeCTBa B sToR 06naCTH. q,o KBcseTCH COBeTCRoro Comaa, TO fl Hory 

aSBepHTL BSC B Hsmey BeKSYBBHOM H SKTHBHOY COAeRcTBHH TSKOYY 

COTPYABHqeCTBY BO BCBY MBOrooOpa3HH era ~OPM. 

CerOABlIII1HHH BOB~BpeHI<HH, ·BeCYOTpa DS TO, qTO OBa BaSH -

BSBTCH EBponeAcRoR, STO nO~BeAeBHe HTorOB KonneKTHBHoro Tpy~a 

yqeBHX H HH_eaepOB Bcex xa60pSTopHa yapa. OHS nOYOHST opOBapHTL 

H o6cYABT» AOCTHrBYTHe peaynLT8TH a BSyeTHTL OOTHMSXLHHe nnaHH 

B8 6y~ee. 

SHeprBR TepMOR~epBoro CHBTess YHe npOflBHna ce6R B BeynpsB­

nBeMOY BIAe. CoeAHBHB CBOH YCHnaR B 60pL6e aa ynPSBXflBYHR 

caBTes, qenOaaqeCTBO n.mBB~ paa DOBHmaeT CBOH BOSYO_BOCTI 

OOCTaBHTL ero BS cnya6y 6narococToflHBfl I nporpecca Hapo~oB MMpa. 
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YBazae~ue ~a~u K rocno~. TOBapZ~H I 

PaapeWMTe ~He OT M~eRm rocy~apCTB6HHOrO HO~H!eTa no 

KcnOabaOBaHH~ aTo~ao" 3aeprHH CCCP npOBeTCTBOBBTb BBc B CBRSD 

C B8qaBO~ YI EBPonemCHoa HOB~epeB~HK no ~HaDHe nBaa~u H 

ynpaBnRe~oMY TepYOR~epBo~y cKHTeay H nozenaTb BB~ nBo~OTBOPBHX 
~HaHyCCKa. noneaBoro 06ueaa ~HeaHRuH H npHftTHOrO npe6UBaBHft B 

HBmBa aTpaHe. 

EBaro~apD Bac S8 BHDUBHoe 
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THE SPEACH OF THE VICE-PRESIDEIIT OF THE 
USSR ATOMIC EIIEIIGY CCMYITTEE 

Prof. I.D.IIOROKlICII 

Ladies and gentlemen, our guests, oolleagues and 

:tr1enda. 

1I0re than 20 years scientists of many laboratories of 

the world carry on a persistent struggle tor mastering the ene­

rgy of controlled thermcnuclear fussion, one of the most allu­

ring properties of matter, which opens unl1m1 ted onergy pers­

pectives for mankind. I shall not make a mistako if I shall 

8ay that this problem is being studied by the pick of physioal 

science, by the Bost talented and energetic scientists. Investi­

gations in the field of thermonuclear fusion have stimulated 

vast widening of our knowledge of plasma, one of the most wide­

spread states of matter, and have given rise to a wide variety 

of applied trends in science and technology. This is the histo­

ry of SUC08S8 and failure. pessimism and optimism. 

At present,.e observe the wide growth of the interest to 

thermonuclear fusion th. problem, being due to the reassuring 

results of recent studies. 

The solution ot the problem of controlled thermonuclear 

reactio ... is far from being just an enthusiasm of physicists, 

satisfying their curiosity at the ezpenc. of the state. ~nding 

of new methods of obtaining the energy is beooming the moat ur­

gent problem of the XX century, which acuity will only grow 

iD due course. 

The developBe~t of anergetics for the last 100 years shows 

oontinuous changes in the structure of the world energetic ba-
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lance in the direction of fuel with higher calorific power. Coal 

was cbonged by gas- and liquid fuel ,and now the nuclear fuel 

age begins, conoentrating a vast amount of energy in an extremely 

small mass of substanoe. 

Long-term power requirements can be satisfied at the expence 

of two nuclear processes: fiasion of heaTy element nuclei and fu­

slon of hydrogen isotope nuclei. Nuclear: energetlcs j based on 

the firet process, has taken the path of the practical utilisation 

of atomic energy. The controlled thermonuolear fusion, in case of 

its realization, promises for mankind the inexhaustible source of 

cheap energy, more pure and safe, enabl1Qg, in principle to solve 

better oecological problems of the earth. 

In the last few years the perspectiYe of feasibility of the 

controlled thermonuclear fusion has become more clear, due to in­

tensive investigations in classical directions of open magnet ic 

traps, puIs processes "theta-pinch tl
• and mainly, closed magnetic 

traps "tokamaksn • It has been possible to inorease co.nslderably the 

temperature, density and life time of plasma energy. Tbe proximity 

01' experimental results and theory should b. oonsidered as one 01' 

the most significant results. All this strengthens our confidence, 

that in the nearest future plasma parameters can be obtained, ne­

cessary for the initiation of helf~sustaining thermonuclear reac­

tion. 

Over the past few years the possibility was offered of the 

colossal concentration of energy with apace and time in the la­

ser beam and relativistic electron beams which has put forward 

new idess on initiating controlled thermonuclear tusion reacti­

ons. This ia one more factor, which strengthens our oonfidence 

in the successful solution ot the problem. 
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The results obtained are oulT the t1rot, although diffioult steps in 

the solution ot the problem. We are still to solTe a considerable be­

dT ot ph7sical problems of plasma behaTior, finding similaritT laws, 

working out new methods of plasma heating and diagnostics, obtaining 

plaama parameters, neoessBr7 to initiate the self:'sustaining thermO:­

nuclear reaction, before we shall be able to begin the conotruction 

of thermonuclear reactor. 

The problem ot ener87 production bT msans ot controlled thermo­

nuclear fusion has oyercome the interests ot one single countr7o The 

task ia so grandiose that it requ1ros collectiTe etfcrts ot all 

countries. 

In the present~ world, full of hopes on positiTe rssults in 

relaxation ot international tension, the most faTourable conditions 

haTe been oreated tor the international cooperation in this tield. 

As for the SOTiet Union, I can assure TOU in our invariable and ac­

tiTe assistanoe in such oooperation in all its TarietT. 

This canterence, in spite of the fact that it is called European, 

is sWllllling up the collectin ettorts at soientists and enginoers 

all oyer the world. It will help to check and discuss the obtained 

results and drew up optimal plans tor the tIltlll'tl. 

The ener87 of thermonuolear fusion haa alread7 shown itaelf as 

unoontrolled. Joining our torces in the struggle tor controlled the­

rmonuolear fusion, mankind onoe more increases its possibilities to 

place it in the aerTice ot the prosperitT and progress of all nations. 

Ladies and gentlemen, oaarades 

Let .e on behalf ot the USSR Atomic Ener87 Committee greet TaU 

on the occasion of the beginning ot the VI European Conference on 

Controlled Puaion and Plasma Ph7SiCB and wish TOU truittlll disoussions, 

helpful exchange ot Ti .. s and pleasant staT in our oOMntr7. 

'thank TOU tor TOur aUenUoDo 
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PROGRESS IN THE TOKAMAK RESEARCH 

B. B. Kadomt 8 ev 

I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR 

This paper presents a brief survey of the recent research studi­

ea carried out at the Kurchatov Institute of Atomic Energy. 

Headed by L.A.Artsimovich they led to impressive results. If to 

consider the optimal plasma parameters obtained 80 far they are BS fa 

lows. The electron temperature le about 3 keY, ion temperature - O.1ke 

energy containment time - 0.02 eec, density up to 1.101Jcm-3• The hig l 

eet value of n1£(the product of density by containment time) is ap­

proximately 1012• All these parameters can be obtained with simple an 

quiescent heating of an initially cold gas by current flowing throughi 

the plasma. 

At . first glance the tokamak devices are very simple. In prac­

tice, however, the physical phenomena of the tokamak plasma are very 

complicated. Just these phenomena were the subject of persistent ex­

perimental and sophisticated theoretical investigations for many 

years. 

1. Containment of plasma energy. 

The main object of the experimental studies on the TM-3, T-4, 

installations is to investigate the efficiency of tokamak BS a magne­

tic trap. It has been shown earlier that the principal mechanism 

responsible for energy 108ses in tokamaka is high electron heat co 

ductivity. Its value is many t imes greater than the neoclassical one 

/up to two orders of magnitude/. The mechanism of the anomalous the 

mal conductivity is not yet clear. To reveal the cause of energy 

leakage is the primary problem in tokamak investigations. 
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variables which have an influence on j3, • Nevertheless, the map of 

points /3:J' Vel/Vo is of interest since it shows how the loss rate va­

ries when we dirninisht J}~c' and enter strongly collisionless region. 

We see when diminishing Pe/l)Jo the value jJJ decreases at first, and 

then at very small Ye; /)10 the plasma confinement improves, and .,87 

grows again. 

Figo 2 indicates the energy losses in TM-3 as compared to those 

predicted by the neoclassical theory. One can see that the deviation 

is of an order of magnitude for the banana region. 

Fig. 3 illustrates the same TU-3 experimental data in somewhat 

different aspect, namely, the relation between the Bohm confinement 

time and the observed one is shown for different values of the col­

lision parameters )Je; /Vo • Excluding three low temperature points 

at J~12 kAt the rest points are seen to concentrate near the curve 

which corresponds to T'£::: Ta ·J}D/Jlei in a rarefied plasma, and appro-

ximately 

The 

to '(E~3z;, in the plateau 
q-" t'"":'" yp 

relationship L.£=- '8 i7 ° is 
'e< 

region. 

similar to that found by Yoshikawa 

for a spherator. It corresponds to qualitative assumption that there 

should exist perturbatlons of the drift wave type in a plasma, accom­

panied by particle transfer proportional to the collision frequency. 

In other words, we can say that the phase shift between the density 

and potential fluctuations is determined by dissipation, henee, it 

should be proportional to the frequency. 

Note, that the relationship between the lOBS rate and Joule heat 

for ¥E == 'la·)Jo/JJelleads to relation re o17et.3 =-coneto::J 2 , where 

const ..... Q -8/ 3. The relationship of such a kind is well fulfiled for 

TM-3 in the region of rare collisions. 

Proceeding from the spherator results Dr.Yoshikawa suggested 

that the second Bohm ltmit could be achieved when the collision fre-
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quency becomes very small so that the values greater than (100 + 300)28 

are hardly to be attainable. One can s ee in Fig.3that a tendency 

for changing the relationship 'lE = 'l8 Yo lYe" is not observed in 

TM-3 at small )lolr'e/ , however, only one hundred Bohm values have be-

en achieved BO far. 

The diffusion time 'll) in the tokamaks is usually greater than 

the energy containment timesZE ~ For example, the relationship bet­

ween'lJ:, and ~ is shown in Fig.4 as a function of density for T-3 and 

ST. 

2. Ion confinement 

It has been shown that the ion temperature is in good agreement 

with that predicted by the neoclassical theory of thermal conducti­

vity for the plateau region. Namely, the experimental data points 
7 -11 2} ~ are in good agreement with the formula Tla 6.10- ~where/~A (}8zl>eR./ 
F' I 

A is the atomic weight of the ions, J is the total current, Bz -

the longitudinal magnetic field, ne - the electron density, R - the 

major radius of the torus. 

An attempt to step in banana region by increasing the total pla­

sma current has been made recently on T-4. It could be expected that 

the ion temperature would increase more rapidly with t he current in 

this region. 

The experimental results shown i on Fig.5 indicate that this at­

tempt failed, i.e. no departure from T1- 1 is observed. This is asso­

ciated with large amount of impurities appearing during current rise . 

Appearance of the impurities is illustrated in Fig.6 in which the 

relation between the deuterium ion density and electron concentra-

tion is shown 8S 8 function of the plasma current. 

Note, that the charge exchange process plays a negligible role 

in the ion energy balance, it ia about an order of magnitude leas 

than the effect of thermal conductivity. /Fig.7/. 
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3. Impurtiee 

The impurties play an essential role now, and aB the plasma tem­

perature increases they will cause more and more trouble. For this 

reason. as well as taking into account 8 possibility to use the impu­

rities as one of plasma diagnostic tools much attention is being gi­

ven to investigate their behavior. 

It has been shown earlier that the impurities concentrate at the 

centre of a plasma column under stable discharge conditions, This phe­

nomenon was predicted by the classical theory of the transfer proces­

ses, The impurity concentration near the column axis is shown in Fig.B. 

The distribution of the impurity concentration in T-4 was measured 

with x-ray emission. Fig. 9 shows that under stable discharge conditi­

ons the impurities enter the plasma column monotonically and steadily, 

and this fact constitutes a serious danger. To decrease the ra-

te of impurity influx into the discharge a divertor should be used. 

Another possibility to control the impurity level has been sug­

gested by the experimental evidence that hydromagnetic instabilities 

have an influence on process of shrinking of impurities. Fig. 10 and 

11 show that the impurity concentration at the axis decreases appreci­

ably as the kink instability excites. The impurities are spread tran­

sverse the plasma column. This effect 18 more pronounced in the presen­

ce of the disruptive instability. 

4. Disruptive instability 

The disruptive instability is one of most Mysterious phenomena 

in the tokamak plasma. This instability was first observed on TM-2, 

and now it is observed in all existing tokamaks. As is well known its 

appearance is characterized by negative voltage spikes implying that 

8 part of the poloidal field flux is pushed away. Simultaneous lV, 

the plasma column is compressed in the direction of the major ra-
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dius /Fig.12/ . This may be associated with a decrease in the plasma 

inductance, i.e. with a sharp expansion towards the minor radius. 

The duration of expansion is small - about 100)1 Bec or even less. The 

energy content of the plasma measured from diamagnetic signal data 

shows that despite a contact between the plasma and limit er during an 

abrupt expansion the total plasma energy varies very slightly after 

a spike. Therefore, one may conclude that in the presence of the dis­

ruptive instability the poloidal field transfers a certain portion 

of its energy to the plasma. All these facts seem to be rather myste­

rious, that is why the disruptive instability has been the subject of 

detailed experimental investigations for the iast few years. Moreover, 

a theoretical model of the disruptive instability has been recently 

suggested which permits us to a certain degree to make the first step 

towards understanding this phenomenon. 

The experiments have shown that the disruptive instability is 

excited only at sufficiantly large currents Bnd pressures . Fig. 1) 

shows qualitatively the etability domain in variables :J - the 

plasma current, and De - the pl asma density. In addition to the ba­

sic large domain there are two stability islands with large currents, 

one - with the q-values more than unity, another - with q more than 2. 

These domains are separated from one another and from the main sta­

bility domain by instability slits in which the hydromagnetic modes 

ID22 Bnd m_) are un8table~ The disruptive instability is excited near 

these bour~darieB, thus at high currents it appears to be associated 

with hydromagnetic kink instabilities. Moreover, the disruptive in­

stability caD be excited on the right hand side boundary of the sta­

bility domain /Fig.13/ J i.e. at large ne. The lower and left hand 

boundaries of the stability domain are related to the formation of 

runaway electrons, they will be considered below. 
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As we Bee the disruptive instability occurs in the most interes­

ting region of high currents and densities. It is evident that futu­

re generations of installations operating with high plasma currents 

and densities will face the disruptive . instability. 

The results of T-6 have been analysed in detail to get the inter­

relation between the disruptive instability and the kink mode~ It has 

been shown that 8a a rule the kink mode preceeds the disruptive in­

stability. A typical picture of the oscillations excited before a spi­

ke is shown in Pig. 14. Oscillations in the phase shift (/) of the mic­

rowaves probing the plasma are clearly seen. Fig.15 illustrates a re­

gion close to the spike~ It is seen that as the instability develops 

the modulation depth of the phase shift at the distance xs2 cm from 

the centre reaches 25% in 1-2 cycles, then it decreases. The spike 

leads to a decrease in flJ by 15% and the density in the axial region 

falls to 30% while the total quantity of particles in the plasma co­

lumn cross section is only 6% lower. Inspection of the magnetic probe 

data indicatas that the perturbation is of a kink mode type with ms4, 

or with ~3 under more poor vacuum conditions. Fig. 16 ls streak re~ 

oord of the plasma light emission. Developing of the kink mode jus t be­

fore the spike, and sharp expansion of the plasma column at spike are 

both clearly seen. 

Fig. 17 is a picture of CV and QV ion light emission as the 

kink instability develops /curves 2,3/ and at an instant of a spike 

I curve 1/. A drop in the light emission of CV indicates a decrease 

in the plasma temperature while an increased light emission of CV in 

the central zone of the plasma column can be explained by an assump_ 

tion that at a spike a portion of cold plasma penetrates the plasma 

column from the periphery. 
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The above experimental results indicate that a deep nonlinear 

phase of hydromagnetic perturbationa ·developed on the plasma column, 

surface are accompanied by the disruptive instability in T-6. These 

results are in good agreement with a theoretical model proposed recen­

tly which assumes that nonlinear excitation of the kink modes should 

lead to the formation of helical vacuum bubbles penetrating qnder the 

plaslDa surface. /Fig.18/. Such a model explains the sharp expansion 

of the plasma column boundary, and .the conversion of a portion of the 

poloidal field ene·rgy into the plasma energy~ This model is able to 

offer a likely explanation of the negative voltage spikes as well. 

The fact that there is a close relation between the disruptive 

instability and kink modes is additionally supported by the data on 

HF stabilization of the kink modes of a toroldal plasma column obta­

ined at the Suchumi Inst itute. Using such a st~bl1izatlon method the 

negative voltage spikes disappear completely. 

In spite of the above quite conVincing arguments the Itbubble lt 

model appears to be excessively idealized. There are a number of ex- . 

perimental evidence indicating that the disruptive instability could 

be a more complicated phenomenon in pract ice. Thus, as we enter a re­

gion of higher densities, i.e. move towards the right hand aide bOWl­

dary /Fig.13/ the coupling between the kink modes and disruptive 

instability weakens. The kink amplitude drops /Fig.19/ while the dis~ 

ruptive instability grows rapidly. It is most likely that the disrup­

tive instability itself corresponds to a complicated turbulent pr~ 

cese, Indeedjin this case the probe field oscillations become 

being uncorrelated /Fig.20/. It is probable that during this tur­

bulent phase there should exist additional possibilities for the 

energy transfer from the poloidal field to plasma~ As the current de~ 

creases, i.e. q is increased, the disruptive instability overlaps 
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with the beam-plasma instabilities caused by runaway electrons, thus 

the picture becomes more complicated. 

5. Runaway electrons 

The lower and upper boundaries of the stability domain in Fig.1) 

are associated with runaway electrons . These boundaries are also shown 

in Fig. 21 for TM-3. The stability domain is between curves II/ or III 

for another assembly of the installation/and I. Both the voltage osci­

llations and plasma c'olumn diap1acements similar to those observed in 

the presence of the disruptive instability, but with the smaller am~ 

plitude were observed. It is quite natural to associate '~hese oscil­

lations with beam-plasma instabilities caused by runaway electrons . 

The appearance of runaway electrons at low densities looks quite natu­

ral because. roughly speaking, there is a deficit of plasma for a 

proper current to be passed. In the stability domain, the runaway ele­

ctrons can enter into interactions with the plasma without being ac­

cumulated to high denaitiee.when the plasma denei'ty increases, and the 

portion of the runaway electrons decreases their interactions with 

the plasma become more weak. Correspondingly, the electrons can be 

accelerated to very high energies and give rise to violation of the 

plasma equilibrium resulting in a contac·t between the plasma column 

and limiter. This occurs on the right hand side boundary II in Fig.21. 

Such regimes were referred to as uncontrollable. 

The beam instabilities along with the kink and disruptive per­

turbationa give rise to a certain kind of plasma activity in toka­

make. They need further study in detail and complet e understanding. 
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6. Plasma resistivity 

The tokamak plasma resistivity is usually larger than that de­

termined by the Spitzer formula for a pure hydrogen plasma. As the 

plasma density decreases this deviation from the classical value incre­

ases reaching factor 30 for low densities. This value seems to be ve­

ry large to be explained by impurities. It is quite likely that in ad~ 

dition to the impurities another collective process of interactions 

between the current and plasma oscillations ls also responsible for 

this effect. 

7. HF heating and feedback oontrol 
control 

Development of additional methods of plasma heating and feedbacXV-

allowed a departure from the traditional technique of Joule heating 

and copper shell for equillibrium,being not very efficient at high 

temperatures and large confinement times. It has been shown that HF 

heating at the frequencies of the order of electron cyolotron frequen~ 

cy is an efficient and quite convenient method in practice. However. 

the powers of UHF generators are lower than those of lower frequency 

generators that is why it is worth - while to investigate HP heating 

at frequencies close to lower hybride resonance or ion cyclotron har­

monics'. Such experiments are being carried out on TM';"3 and TG-1. HF 

power up to 100 kw· was applied to ~3~ It "as shown that HP energy 

was absorbed by the plasma, the most portion being transferred to the 

electrons. When 8 HF pulse is applied the plasma resistivity becomes 

anomalously large at the periphery. This results in a 35% decrease 

in the plasma columnradiuB. This effect indicates the presence of 

same nonlinear collective phenomena during the heating process. 

The installation To-1 has demonstrated the efficiency of plasma 

heating at the ion cyciotron harmonics. The same installation showed 
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efficient confinement of a plasma ring in equilibrium using the feed-

back control.The equilibrium was maintained for 0.3 sec. 

8. Pingez-ring tokamaks 

A new tokamak model of ~9 has been recently put into operation. 

Another version of the tokamak installations ~ ~8 with a noncircular 

elliptical cross section of a plasma column wl11 be constructed Boon. 

The crOBS section of such a shape has been predicted to reach more " 

high current densities for the same margin of It ability. This will per­

mit 'improvement in Joule heating efficiency. Purthennore, the ellip­

tical shape should improve plasma confinement, and provide additional 

information on the instability and transfer mechanisms in plasma. 

Experienoe gained in controlling the shape of a plasma column may 

help in designing a divert or. 

Only initial experiments have been carried out on T-9. The plas" 

ma is still cold and containing a lot · of impurities. However, dis~ 

charges of non~oircular plasma column cross section have been alrea-

dy observed,and what 1s most interesting, we again face the 

disruptive instability in this case. 

9. ConclUsion 

The tokamak plasma lives a complex life: various instabilit i es 

and collective processes develop arbitrarily and interact one with 

another. Their detailed study is one of the principal objects in the 

program of physical research. Alongside with the progress in our un­

derstanding we observe that the plasma parameters also grow ls tea­

dily, first of all due to improvements in plasma confinement and in­

crease in temperature~ At the present time the tokamaks are facing a 

new stage conne cted with achange to large installations, more perfect 

geometrical configurations,and new heating techni ques. We may expect 

that thiB stage should advance us still nearer to controlled ther­
monuclear reactions. 
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FIRST RESU LTS GN T.F.R. 

The T .F.R. GI' oup * 
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1.- INTRODUCTION.-

The Tokamak program was started in Fontenay-aux-Roses in the beginning 

of 1970. The first T.F.R. (Tokamak de Fontenay-aux-Roses) experimen t has been 
so designed as to explore the Tokamak scaling laws up to 400 kA currents and 

60 kG toro idal magnetic fields . These parameters . extrapolat ing the results 
obtained in other laborator ies [ -1_7. should hring about ion temperatures such 

that the diffus ion regime be dominated by trapped parti cles. To get further 
into this regime, an additional heating using an inject ion of 10 A equivalent 
of 25 to 30 keV neutrals wil l be appl i ed in a second step . Studying long dis­

charges (up to 0.5 s) is also one of the purposes of this experiment. The impu­
ri ty i nfl ux due to a long interact i on between the p' asma and the 1 i mi ter can 
indeed considerably alter the energy bal ance in a Tokamak. 

After a shor t description of the T.F.R. device. the first results obta i ned 
since the start of the experiment (~larch 1973) are presented. The maximum values 
of the curren t and the toroi da 1 fi e 1 d were 200 kA and 40 kG. 

11.- DESCRIPTION OF THE T.F . R. DEVICE.-

The main charac teristics of the T.F.R. machine are shown on Fig.1 and 
l i sted be low. 

Tabl.e 1 : Basic pal"ametel's . 

Major rad iu s of the torus 

Limiter radius 
Maximum toro idal fi eld 

Maximum expected plasma current 
Max i mum discharge duration 

20 

0 .98 m 
0.20 m 
60 kG 

400 kA 

0 . 5 sec 



11. 1. THE VACUUM SYSTEM AND THE LIMITERS .-

The vacuum vesse l consists of 8 toroidal secti ons connected by 8 obser­
vation sections for di agnostics and pumping. Al l these elements are welded 
together. Each toro idal secti on i s made of 0.5 mm thick incone l bellows bakable 

.' ; ' . E3 

Fig . l .' Plan and elevation view of 
T.F.R. 

1. Magnetic ci1'cuit .: 2 . Poloidal 
coils ; 3. TO'l'oidal coil s ; 
4. Positioning plates .: 
5. Prscomp'l'sBsion hoops; 6. Vacuum 
vessel; 7. Obse 'l'vation P01'ts. 

up to 4500 C. The diagnostic sect ions 
are bakable up to 3000 C. Two of them 
offer one horizontal and two vertical 

viewing ports through whi ch a complete 
plasma diameter can be seen. Two others 
have been specia lly designed for a subse­
quent neutral injecti on heating . 

The pump ing circu i t consi sts of a pr ima­
ry pump and two turbo-molecular pumps 

in series (60D lIs and 70 1/s). Two 
titanium pumps are al so used in paral l el 

with the turbo··mo 1 ecu 1 ar pumps in order 
to increase the pumping speed between 
b/O plasma discharges . The base pressure 

ob tained after baking the chamber itself 
at 420 0 C and the observati on sections 
at 200 0 C i s 5. 10- 1 0 Torr. The outgassing 

ra te of the wallS is then 
2.10- 13 Torr.1.s.- 1 cm-2. , 

The fi lli ng gas i s let in through a fast 

valve with an indi um joint , operated by 
a pneumatic system. A 100 mA electron 

gun he lps to initiate the di scharge 
breakdown at l ow filling pressures. 

The wal l s of the vacuum chamber are protected by 

a removable limiter (radius 17 cm) which can be put on or Gut without 

opening the vacuum system, 
a main li miter (radius 20 cm) offeri ng a curved surface to the plasma , 

several s~fety r i ngs (radius 21.5 cm) for an extra shielding of the 

wal ls. 
two plates facing the neutral inject ion ports. 

These four items are made of mol ybden um . 
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The vacuum vessel i s su rrounded by the copper shell \'/hich will be descri­
bed in another section. Between the liner and the shell a thermal insulatio~ 

has been placed in order to reduce the heat l osses when baking the liner . 
Magnetic pick-up coils for the measurement of pl asma position ·modes of defo rma­

tion and diamagnet i sm are imbedded in the thermal insulation. 

11.2. THE TOROIDAL P1ELD . -

11. 2 . 1. The tOl'oidal magnet 1..-2 I . 

It cons i st of 24 pyra lene cooled Bitter type coils. Each coi l consists 

of 35 turns of fu ll ha rd copper plates containing 0.07 % sil ver. Each t urn is 
insulated with polyimide sheets. Copper and insulators are stacked to form a 
heli x, and clamped be tween two aluminum plates by bolts and spring washers. 

Table 11 : Main electrical and thermal pal'amete1'8 . 

Current for an on-axi s field of 60 kG 

Peak voltage 
Peak power 
Energy dissipated per pulse 
Mean power at ful l load and nominal repetiti on 
rate of 1 pulse every 4 minutes 

Adiabatic temperature rise 

35 000 A 

4 000 v 

120 I~W 

150 MJ 

600 kW 

60° C 

The coils are cooled by "pyralene" circulating through slots in the body 
of the co;l. The stresses result i ng from the magnetic pressure are supported 

by the copper itself. They can reach 10 kg/mm2 • The toroidal centripetal force 
of 170 Tons is supported by the cy lindrical core of the magnetic circu it . 
specially des i gned for that. The mechanical structure of the device is basical­
ly composed of two crown-like pi eces between whi ch t he whole magnet structure 
is clamped with steel braces. This structure is reenforced by wedges bo lted 

between the co i ls . This assembly will stand the torque resulting from t he 
influence of the vertical field on the coils and additional forces that can 
arise in case of a short-circuH in one coil. 

11.2 . 2. The power supply . 

It consists of an alternator coupled to a flywheel storing 400 MJ at 
6000 r.p.m., and driven through a gearbox by a 1.5 MW asynchronous motor runn ing 
at 1500 r.p.m .. The al ternator has been especial ly designed to deliver a power 
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of 120 MW in a pulsed regime. The overa ll pu lse duration i s 2 seconds and the 

repetition rate at full power is 1 pulse every 4 minutes . 

-:~:-:~--------- - ------- - --- ----------- /-
............ ~ ; 

The excitation current i s feedback 
control led, which allows a preadjust­

ment of the shape of the current de 1 i ·· 
vered by the alternator. The rotor can 

thus be overexcited so as to reduce 
the current rise time (Fig. 2) . 

c 
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- ~::-- ---- - -------------
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An optimi sation of the alternator para­
meters for this pu l sed operating mode 
has yielded a very high specifi c power : 

10 MW/t compared to 3 MW/t for machines 
of a class i cal type. 

The main characteristics of this alter ­

nator are the following 

Rotor diameter 
Rotor length 

Overall mass of the 
alternator 

0.5 m 

2.2 m 

Fig . 2 Time evolution of current and 
voltage delivered by the 
rotating group to the load . 

Flywhee 1 mass 
15 t 

13_ 5 t 

al regime with IR 
overexcitation 

Vc bl l"egime wi thout 
overexcitation le 

rotor current 

coil voltage 

coil CUl"l"ent 

The system sta rted in operation at t he 

end of 1972 and the nominal power was 

reached in March 1973. 

11 . 3. THE INDUCTION AND EQUILIBRI UM CIRCUIT.-

These circuits have two purposes 

to induce the current into the pl asma 
to produce the vertical and horizontal fields needed for the pl asma 

equilibrium. 

This i s achieved by means of two sets of co il s and generators and by a 

copper shell. 
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11 . 3 .1. The i nd u.cto l' ciY'cu it . 

The coupling between the induction coils and the plasma current is pro­

vided by a laminated magnetic circuit. It consists of a central core and eight 

external branches . This circuit can be reverse bia sed in order to increase 
the flux variation during a pulse. 

a 

c 

Fig . 3 -

The induction coils generates the 
pl asma current and produce a vertical 

stray field (roughly in phase wi th the 

plasma current) which is the main part 
of the equil i brium field. 

The power source comprises a condenser 

bank to take cure of current rise and 
a thyristor in series to maintoin the 

current plateau (Fig. 3). The condenser 
bank i s crowbarred by diodes. The bank 

is divided into four sections 
I 
2 di scharge breakdown , cur rent r i se 
I 

" 

(2 secti ons), additional pul se during 
the plateau. A safety device prevents 

the curren t ri se secti on to fire 
whenever t he breakdown of the gas fail s. 

This prevents l arge elec t romechani-

a/electt'ica. l diagram Of the inducti ng 
circuit ; b/ e Zec t~'ical diagl'am of t he 
eqtdlibr'iwn circuit ; c/eleva t i on v1: ew 
oj' the coiZs pOfJition. 15 and 16 are 
the pl'emagne tisation coils i n ser ie s 
with the tOl'oi da l aoi l s . 

cal efforts along t he cuts of the 
copper shell. The thyr i stor rect ifiers 

are dri ven by a fun ction generator 
that sets the current pulse shape. 

Table IV Pa r'ametel'S o f t he induction circ u.i t . 

Flux jump in the central core (wi th reverse biasing) 

Energy stored in the condenser bank 
Current r ise time with various coupling 

~laximum pl asma current 
POWel" avai lable for the current pl ateau 

~la x imum length of current pul se 
Eq uilibrium field produced by the ci rcuit 

24 

2 V.s 
BOO kJ 

20-40 ms 

400 kA 

3 M14 

0. 5 s 

1600 G 



II.3 . 2. The equil.i bl' ium cil'cuit . 

This circuit compensates the stray fie lds before the discharge hreak­
down and provi des an adjustment of the ve rtical field . takin~ i nto account 
t he var i at ion of the i nterna l energy of the plasma. the saturation of the iron 
etc .. . It provides also a horizontal field. The energy i s provided by diode 
recti f iers (Cl and C2) for stray field compensat ion and by thyristor rectifiers 
(SI and B2) fig.3,whose cur ren t can be preprogrammed before the discharge and 
feedback control led so t 1lat the copper shel l be a magnetic surface . The hori­
zonta l f i eld i s created by an unbalance between the power supplies SI and S2' 

Tabl.e V : Pal'ame te l' S of t h e equil.ibl' ium cil'cuit . 

Power available for the equilibr ium field 
Maximum vertical field produced by the circuit 
Maximum rate of change of the vertical field 

3 MW 

400 G 
25 kG/s 

A part of the equil ibrium field can be provided by the copper shell , 
1.5 cm th ick with 8 mer idian cuts (6 of theses cuts are short-circu i ted by 
removable straps). The penetration time for transverse f ield i s about 80 ms 
(with straps). In normal operati on the shel l takes care of the equilibrium f or 
sma ll . fast displacement of the plasma . 

II.4 . DA TA ACQUISITION SYSTEM.-

The experiment i s connected to a computer (Tel~mecani que) t hrough an 
optical-electronic link. This system collects different type of data:ui Tldustri al" 
measurements at 7 kHz . fast signals up to 1 MHz with dig i tal oscilloscopes and 
si gna ls from special di agnostics equipped with interfaces. Al l these data are 
recorded on a magneti c tape and are ava i l ab le for a subsequent processi ng . The 
~omputer also wo r ks on line gi ving . for each di scharge, the control panel 
readings and a prel iminary processing of the signals . 

111.- EXPERHIENTAL RESULTS .· 

The first plasma behav ing as a To kamak type di scharge l'Ias obtained on 
March 28. 1973 after a very limited number of shots (about a hundred). 

The da t a presented below resul t from a three month experimentati on and 
are, t herefore, of a pre 1 i m; nary character . Our i ng these three months , we have 
fired a total of 1100 discharges, most of which were aimed only at progress i vely 
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testing and tuning up all the components of the poloida l field system , In 

spite of this short experimentation time , we are getting to an already sati s ~ 

factory descr i pt ion of the discharges and to sign ificant achi evements (200 kA 
maintained for 0.25 s) . This can probably be attributed to the quality of the 
vacuum system. A smal l air leak has indeed shown the practical impossibility 
of getting good discharges in a pol lu ted vacuum vesse l with a base pressure 
of 10- 7 Torr. 

Several types of discharge have been observed. At high density 

(ne ~ 101 ~ cm- 1 ), the discharge is of the disruptive type with negative vol· 
tage peaks; the plasma resistance i s high . At lower densities (ne ~ 2 to 
6.10 1 3 cm- l ) the voltage per turn drops to 2.5 Volts for a 200 kA current, 
and does not show peaks any more for the who le discharge duration, i.e. 
0.25 s. Most of the data have been gathered without feedback control of the 
plasma position , for this type of di scharge. A third type of discharge was 
obtained when the feedback centering of the plasma in the radia l and vertical 
directions was in operation. It was then possible to make some of the dis­
charges last more than 0.4 s with a negligible bulk motion of the plasma. 
Unfortunately. these tests were carried out on about ten shots on ly. They 
were interrupted by a puncture in the vacuum vessel due to the melting of a 
molybdenum part of the electron gun used for initiating the discharge. 

AI Discharges llrith f eedbaak . ·· 

In these experiments it was sought to make the shell a magnetic 
surface, i. e. to cancel the vertical and radial fluxes. The vertical field 
created by the equilibrium circuit is opposed to the strong verti cal field of 
the primary wind ing. Thanks to this feedback, the discharge duration is 
between 430 and 460 ms, for a 100 to 120 kA current and a 25 to 30 kG toroidal 
field; the plasma remains well centered (! 1 cm in both directions) for most 
of the plateau durat ion (Fig. 4b) . 

In the first 50 milliseconds when the feedback cannot be felt, due to 
the shell time constant, the plasma centering has not been optimized . Such an 
optimi sation will be made possible either by applying a correcting field 
produced by the diode rectifiers before the discharge breaks down, or by 
superimposing on the feedback a programming of the thyristors rectifiers . The 
large inward horizontal di splacement observed during the last 50 milliseconds 
(Fig. 4b) i s due to the magnetic circuit saturation and to the strong increase 
of the stray vertical field of the primary winding resulting from it 
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Fig. 4 - The p lasma ring i8 piloted. TOl'oidal field BT = 30 kgau88 . 

a/ the current abruptly vanishes ; there is a fast drift of 
the ring outwards . 

bl the curr ent slowly vanishes ; the magnetic circuit i8 
satured and there is a fast drift of the ring inwards . 

In the course of these preliminary feedback tests: the discharge exhi ­
bited two different behaviours without any change in the parameter settings : 
the current w0u ld either end abruptly or slowly decay, The discharges with an 
abrupt end (Fig . 4a) stay well centered for 200-230 ms, then move quickly out­
wards in the last 5 to 10 ms . This fast di splacement coincides with a pOSitive 
vo l tage jump, and an explosive destruction of the pl asma against the limiter 
with an intense emission of hard X rays and a shower of sparks. These sparks 
are mo lybdenum particles torn away from the limiter. These explosive discharges 
are characteri sed by weak oscillations on the i! Signa l. 

dt 
The di scharges with a s lOl'l decay (Fig.4b) have their duration limited by 

the magnetic circuit saturation . Whi ch causes a slow dr ift of the plasma toward s 
the inside of the torus. These discharges are characterised by much larger 
osci l lations on the dI signa l. 

dt 
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B/ A t ypiC!al disC!hm"ge without feedbaC!k : Ip = 200 kA ; 8T :;: 40 kG . 

This di s charge is representative of most of the discharges created 

du r ing t his three months experimenting period. The current was maintained by 

thyri s tor rectifiers and the equ il; bri urn was rough ly estab 1; shed by the she 11 

an a progral111led vertical field. ~jo compensation was applied to the radial 

field and the plasma had a slow vertica l motion. An abrupt end of the current 

was always observed. The macroscopic properties of the discha rge where very 

reproductible. 

The filling gas for these discharges was de uter i um injected in one 

section of the torus . The deuter i um f illing pressure just before breakdown 

was 4.10- 5 Torr of °2, The limiter used has a radius of 20 cm, 

a 

b 

" 

• 

,c 

o 100 200 300 ms 

j 
1 
I 

1 
:1~ __ ~ ______ ~ ____ __ 

• 
l' 2 

O~------~-------
, 

o .. JOG m • 

Fig . 5 - Typical dis cha rge : Jp '" 200 kA BT = 40 kgauss --

filling pre8sure 4 10- 5 torr D2 

a/p lasma current; b/'!1eaSltl'ed l oop voltage .: c/electrolt mean density; 

d/ Da line measured at an angle position of 45° from the diaphragm and along 

a ve'f'tical diameter; e /lto'f'izontal displacement; f /vertiC!a l displacement , 
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Fig. 5 shows the main characterist i cs of t he discharge. The current fast 

rise i s obtained by firing successively two capacitor banks . 8 ms apart. The 

abrupt endi ng at 250 ms was a h/ays observed in these di scharges, it is a 
characteri stic of the plasma, not of the external circuits. The voltage per 

turn exhi bits a mi nimum of 2.8 volts at about 170 ms and increases again 
afterwards ; this i nc rease is an essential fact that strongly influence the 
interpretations given in paragraph IV. After 100 ms the plasma is off-center 

by 3 cm outwards and 3 cm upwards, then it slowly dri fts upwards. The hard 
X-ray is always very large in these di scharges and appears very early. 
The average electron density al ways i ncreases with time dur ing the discharge . 

111. 1. ELECTRON DENSITY PROFILE.-

The electron density profil e i s obtained thanks to a mult i channel inter­

ferometer : 5 channels were used, whose locations are indicated on figure 6. 

The measurements are made along vertical chords at a frequency of 135 GHz 

the microwave source i s a 3 Watts carcinotron . 

"""."'. 

'" 
... 

The time evolution of the electron 
density profile is obtained by 
inversi on of the Abel integral assu ­
mi ng zero dens i ty at the limiter 
radius . At 100 ms, the maximum 
density reaches nearly 5 x lOl lcm- 3

• 

An outward di sp l acement of the 
density max i mum i s noticeable; this 
displacement i s of l arger amp li tude 
than the displacement gi ven by 
magnetic probe measurements (Fi g.Se). 
With time, the density profi le 
becomes more peaked and , t owards the 
end of the discharge, the refract ion 

is so large that the two extreme 

Fig. 6 .. Time evolution of the elect't'on channels are unusable. 
density profile for the typical 
dischal'ge . 
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III . 2. THOMSON SCATTERING MEASUREMENTS.-

The exp~rimental set-up involves a 3 Joules , 20 ns ruby laser and a 
grating monochromator with ten fiber optics li ght guides and ten 56 TVP photo­
multipli ers. The spatial resoluti on of the detecti on system is 3.3 cm verti­
cally and 0.2 cm horizontall y. The photomultipliers are pulsed for 10 vs. 
Channel 1 (centered on the laser line) is not usable because of the intense 
stray light and channel s 4 and 5 can be used with great difficulty because of 
the Da line. One is left , therefore , with a tota l of 7 usual channels. 

The first measurements suggest an electron temperature of 2 to 3 keY, 
100 ms after the onset of the discharge , for a volume element located in the 
mi d- plane, 2 cm away (outwards) from the geometrical axis of the shell. 

3 I 
., 

11 • 
'" '" 

0 
100 

lime (msJ 

200 300 

Figure 7 shows the time evolution 
of the temperature for two sets of 
values of the plasma current and the 
toroidal field (200 kA, 40 kG and 
140 kA , 30 kG). These results were 
got from a small number of shots 

(an average of three di scharges for 
each experimental point). which 
explains the large error bars . They 
show that Te increases with the 

Fig. 7 .. CentroaZ evolution temperoature current and decreases after 100 ms. 
measuped with Thomson scattering' This l ast statement should . however, 

- BT = 40 kgau8s Ip - 200 kA be qualifi ed; it should be kept in 
- BT = 30 kgau8s Ip - 140 kA mi nd that the plasma moves duri ng 

Each point is the mean value for J 
discharges . 

rent regions of the pl asma at each time . 

the di scharge. The measurements 
therefore could correspond to diffe-

III . 3. BREMSSTRAHLUNG MEASUREMENTS .-

The flu x of soft X-rays emi tted by the plasma i s monitored by 4 detectors, 
each compri s ing a 1 mm th ick NaI scintillator and a photomul tipli er . The whol e 
system i s placed in a horizontal viewing port whose vertical plane of symmetry 
makes an angle of 135n with the plane of the limiter. In front of each 

scint ill ator are placed two known absorbers; the measurement reported here are 
rel ative t o the two fo110 ..... ing absorbers : 75 )..IBc and 50 vBe + 20 vAl . The rat i o 
of the X photon fluxes through these two absorbers goes through a maximum for 
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an electron temperature of 600 eV. This maximum is used to normalize the 
measured data, so that a relative calibration of the two channels is not 

necessary . Corrections due to impurity l ines may be neglected in this case. 
although the X-ray flux is about 10 times that which a pure hydrogen plasma 
would emit. 

1.5~~-~-_~-~-----, 

10_" 0.5 

o 100 200 300 
time [ms) 

Fig . 8 - Time evolution of the mean 
electron t empera ture deduced 
f rom soft X-rays measurement s. 

The evolution of the electron tempe­

rature averaged over a horizontal 
chord 3 cm from the equator; a 1 

plane i s shown on f i gure 8. This 

temperature goes through a maximum 
of 1 2 keV at t he time 80 ms. From 
200 ms on, the measurements are 
perturbed by the hard X radiat i on . 

111.4 . MEASURE MENT OF T HE P LA SMA NEUTRON EMISSION . -

The f l ux of neutrons emitted during the discharge ha s been measured 
with a BF3 proportional counter surrounded with paraffin. The counter was 
placed above a vertical viewing port 1 m away from the magnetic axis. To 
decrease the X-ray flux , a 5 cm thick lead shield was placed between the port 

and the counter. Under these conditions it was poss ible to count single pul ses 
due to neutron for the greatest part of the dis charge (Fig. 9). A the end of 

100 

1 
z 

10 

• i! 

r 1 

~ 0.5 

0. 

100 200 300 
time (ms) 

Fig . 9 - Time evolution of t he count ing 
!'ate of neutrons measured by a BP' 
counter. t--}--t exper i mental point s . The 
curve i s deduced from t he numeri ca l 
simu lation described in. § IV. 
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the di scharge, the pulse pile-up 

was t oo large for counting. In order 
to determine the source of the pulses 

delivered by the counter, a neutron 
absorbing shie ld made of a 30 cm 
thick paraffin layer and cadmium 
sheets was placed before the counter; 
under these conditions , the counting 
rate in the usefu l part of the dis­
charge was reduced by a factor of 10. 
The counter has been calibrated in 

si tu by moving a PuBe source along 
the geometry axis of the toro i dal 
chamber. 
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the presently avai l ab le measurements : 

voltage, radial profiles of electronic 
density, electronic temperatures on 

the axis by THOMSON scattering. the 
average electronic temperature which 
can be derived from the bremstrahlung 

measurements and finally the neutronic 
emission from the plasma if we assume 

ne ::: "0 ' 

~/e have represented on the Fi g . 10 

the results of the simu l ation for 

t = 150 ms. The values of some interes­
ting parameters are Qerived from this 
s imulati on 

Energy con finement time 20 ms 

Radial profiles at t = 150 ms obtained Internal inductance 1.6 
= 0.3 by the simulation model : ~ electronic 

temperaturoe) ne demity of electrons ... 

Ti ionic temperature, q safety factor 

and rlH density of neutPals. 
o 

Polo;dal B 

we define the energy confinement time 

l E by the energy balance equation 

dW = Q • ..!'!.. 
dt 

where W is the internal energy of the plasma (i ncluding electrons and ions) 
and Q the ohmic power. We do some comments on the radial profiles of the 
Fig. 10 : 

The electronic temperature has a "peaked" type profile l i ke 

on S.T. (4). 
The ionic temperature on the axis (_ 700 eV) is in good 

agreement with the ARTSIMOVICH scaling law in plateau regime. 
The security factor q reaches the value 1 on the axis . 

The neutrals present in the plasma leads an important energy 
loss by charge exchange (40 to 50 %) 1n the ion energy balance . 

The computed particle confinement time Tp (4 milliseconds) is less than 
the energy confinement time . this i s due to the fact that the renewal of the 

particl es takes place preferentially on the external layers of the plasma 
which are cold. We have compared the computed and the measured f l ux of photons 
(OS line), the computed flux is seven times bigger than the measured one. 
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This could be partly due to the position of the measurement section relatively 

to the diaphragm. 

2/ . For t > 150 ms, the continuation of the simu lation gives divergent 

results with the measurements, The computed voltage continues to decrease 
wh il e the measurements point out a s ignificant increase, Moreover the measu­

rements of the electronic temperature on the axis seem to indicate a cooling 
of the plasma while the computations given a heat ing, 

We have tried an explanation of these facts by assuming an increase of 
heavy i mpuri ti es c:oncentrati on ; n the di scharge (molybdenum for examp 1 e) . 

With a Zeff conti nuously increasing with time from 2 to 10 (which corresponds 
to a final value of 1 or 2 % of molybdenum) and with an approximate expression 
of energy loss due to the radiations of these impurities we can explain very 
well the increase of the voltage. But, for this typi cal discharge , we cannot 
explain both the voltage increase and the temperature evolution on the axis. 

It seems then quite normal to 
assume an increase of transport 

20 coeffi cients in the region of the 
plasma where q < 1. The radial 

! 
,;' 10 

o 100 200 
time !ms) 

300 

Fig, 11 - Time evolution of the enepgy 
confinement time TE obtained 
by the simulat ion, 

profile of the electronic tempera­
ture stops then. to be peaked and 
becomes more flattened (the same 
phenomena has been observed on S.T. 
~/here q < (4)), The time evo­

lution of the energy confinement 
time TE in this case i s given in 
Fig . 11. The superposit ion of these 
two assumpt ions, increase of heavy 
impurities and turbulence in t he 

region q < I, leads to a consistent explanation of the f i rst measurements on 
T.F.R. (Fig . 12). 

J/. In the typical discharge, the discharge current is suddenly switched 
off. In view of finding a possible explanati on of this fact, \'le carried on the 
computations with our model after 230 ms by ma intaining constant the ratio of 
the entering flux of particles to the diffused flux (_ 1.07). Th.is assumption 

is justified because in the previous phases of the discharge it has given a 
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EZectron t empemtu1"e on the axis T (0) 

and voltage U vs time t~ computed eby 
the simulation with two assumptions 
(increase of heavy impurities and 
turbulence in the region q<lJ , On the 
upper figure T (0) vs t , the dotted 
aurve COl'l'e8pO~8 to comp!dations 
without the usswrrption of tur>buZ.ence 
in the region q<l. On the lower 
j'igu'l'e we have al. so r epresented 
the assumed Zeff' 
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good fitt ing of the computed average 
density of electrons with the measu­
red densities, By 250 ms the dens ity 

profile becomes rapidly unstable , 
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DIFFUSION IN TOROIDS - A REVIFJiV 

R J Dickerton 

UKAEA, Culham Laboratory, Abingdon , Berkshire, England 

INTRODUCTION 

If we assume that hydromagneti c stability and adequate magnetic surfaces 

can be achieved in toroidal sys tems then the key question is , what will be 

t he re s idua.l (diffusive) rate at whic h particles and energy can cross t he 

magnetic field to t he wall? This question can be further subdivided; what wPl 

be the rates if the plasma is a ssumed com pletely stable wi th on l y Cou l omb coll i-

sions and the thermal level of plasma waves as t he contributing mechunisms? 

Wha t will be the rates whe n instabi lities are included , particularly the various 

trapped part i cle modes to which toroida l plasmns are prone? Wllen it is r ecalled 

tha t ul timately the answers to these questions are J'equired for a toroidal pl asma 

with long mean-free path , ~ _ 10% anti with a s i gniIicant fa st (alpha) particle 

production rate through fu s ion reactions t hen the ta sk appears daunting. 

Clearly de finitive answers will only be obtained by ex perimental t ests on an 

adequate scale. Such t ests will be expens ive and time-consuming; in t he mean-

whil e we mu s t increa se our understanding of the containmen t in existing mac hi nes 

and of the unde rlying theory . 

In the face of such complexity it is natural to look for genera] 

answers from thermodynamics . This has been done, particul arl y by Fowl er( l), 

who ussumed that the free energy of 8 confined pl asma went into fluctuations ; 

these fluctuations then leading to enhanced plasma transport. The upper 

bound on t he purticle diffusion coe ffi cient found in t hi s way i s, 

where a < 1, its value depending on additional postulates to do with the 

nature and correlation of the flu ctuations . Unfortu~ate ly wc are i nterested 
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in the preci se value of a. requiring ex < .... 2 X 10" for a n economic toroidal 

system(2) . 

Having failed to get mu ch comfort from thermodynamics, one i s t h en forced 

to return to the study of the prob l em in two parts - the classical loss rates 

and those produced by fluctua tions . 

The class ical diffusion of plasma across a system of straight magnetic 

field lines wa s firs t discussed about s ixty years ago(a), Note that the cross 

field diffusion of a fully-ionized pla sma ha s a s pecial character . In a noraml 

diffus ive process the diffusing particles move through a fixed baclcgrnuud of 

scattering centres, but in the case of c ross-field pla sma diffusion t he elec-

tron s , for example, scatter off the ions which are themselves diffusing at 

t he same r ate a.s the electr ons. Each charge s pecies crosses the magnetic 

field at the same rate due to t he equal and oppos ite fri ctional forces between 

t hem, thus considering the electrons in a plane case with n density gradi ent 

i n the x-direct ion and 11 magnet i c field in the y-direction, plasma resistivity 

11 , one ha s 

V 
x 

jyBz 

F 
-l: , Fy => - e Tj jy eB 

z 

dn 
dx (Te+Ti) ..... Vx 

(Te + Ti) 
-8-'­

z 

dn (Te + Ti) 
- ~ dx --s-r 

z 

.. (2) 

The diffusion rate can also be derived from energy conservation, since in 

the absence of external driving field s the work done by the expanding plasma 

must e<lual that dissipated by the confining current, Le. 

( T·) dn . :cl f (Te 
- V x Te + 1 dx '" Jy 11 = l 

v 
x 

dn (Te + Ti) 
ID< -D-'­

z 

+ Ti) 
B 

z 
dn }' 
d" ~ 

. . (") 

The se simple calculations illustrate two basic principles which apply not onl y 

to c lass i cal diffus ion, but also to fluctuation driven diffusion . The first 
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is that particle flux across the field can only be the resu1 t of equal and 

opposite (frictional) forces on the two charge species; the second is that the 

work done by the expanding plasma must be dissipated in the plasma. These two 

principles are of course automatically sati sfied by any rigorous calcu l ation of 

classical diffusion but in the case of fluctuatioll-driven losses usually only 

"informed guesses" are possible and the principles have some value. 

TOROIDAL GEOMETRY 

A s ymmetric toroidal system has on l y one ignorable coordinate (rp) com-

pareu with two in plane and cylindrical geometry . The first consequence is 

that it is {\ non-trivial matter to f i nd a self-consistent plasma equilibrium in 

a torus. Table I shows the assumed equilibria in various existing 
(4,5) 

theories. Evidently there is as yet no model which treats a self-con sistent, 

long mean-free-patb, col]isional equilibrium even at low-S, let alone the values 

of ultimate interest. Thus present numerical calculotions(6) are restricted 

to the use of toroidal transport coefficients in se lf-consistent calculations 

assuming cylindrical geometry. 

The second and related consequence of toroidal geometry concerns the 

restrictions on particle motion. 'fhe conservation of canonical angular 

momentum of a particle about the symmetry axis may be written as 

R(p + ~ A ) - constant 
'l' C '" 

where n '" Ro (1 + 'lIt a8 e), Prp is the particle momentum in the rp direction 

and A the vector potential of t he magnetic field in the cp direction . 

'" Combining this with the conservation of particle energy leads to the so-called 

Tamm(7) theorem that the maximum radial departure of a particle orbit from the 

magnetic surface is 

i.e . t he gyro radius in the poloidal field component only. 
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If to these constraints is added the additional adiabatic invariant 

constant, then the maximum excursion is reduced to(S) 

6"AX =c t aa 

this excursion being that fox a particle just trapped in the toroidal magnetic 

field. 

The full neo-classi cal theory of diffusion in a plasma toroid(5) takes 

tbese orbits into account and in particular the colli s ional interaction between 

trapped and untrapped particles. In the short mean f ree path cs se these effects 

are negligible and the loss rate is dominated by the resistive dissipation of 

the currents necessalY to give plasma equilibrium in a torus. The r esults 

may be summarised a8 follows:- (see Fig. 1) 

Sbort mean free path(9) 

Intermediate mean free path 

Lorig mean free path 

ja 
R 

D (1 • -f-t) Aei > ;£t DJ. 
o ~ c 

j" = 

do kT 
dr 1\:0 
du kT 
dr ioB cos e 

'" 
dll kT 

- dr llcp 

o < jll < -
dn c tkT 

drT 

dn kT 
dr llcp 

1. dn kT 
- C2drBe 

where Do is the cross-field particle diffusion coefficient in a straight 

system (having B = ~). For thermal conductivity similar results hold with 

Xi ~ (M/m)! Xe due to the larger gyro radii of the ions. 

It is of interest to write down the momentum equation for the gas of 

one charge species; Stringer(lO) finds t hi s to be, 
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where rs is the particle flux across a magnetic surface and the averages are 

taken over a msgnetic surface. In steady state diffusion the term on the left­
dv 

hand side is zero since ~ = 0 and the balance is between the two terms on 

the right-hand side. 

In the short mean free-path (Pfirsch and Scbltlter) regime the dissipa-

tion is entirely ohmic due to the containing current, and the momentum balance 

in the ~ direction is maintained by the 

(l1 j q> (1 +£ 008 Sf) 

term despite the fact that jid9jw = 0 - i.e. there is no net toroidol current(l1~ 
In the long mean free path case the dissipation is mainly due to magnetic 

pumping ot the electrons(12) 8S they encounter 8 modulated magnetic field in 

carrying the diffusion driven current jll' The momentum balance i s satisfied 

by the frictional force due to this net current density .:icp RI j" round the 

tOtus. This diffusion-driven current is a consequence of interaction between 

trapped and circulating particles. A full treatment including all . cross-terms, 

heat Iluxes etc. has been given by Rosenbluth et al(l~~ For spatially uniform 

and equal temperatures they find, 

(d%r) 
j" .. - 2.44 ('la)i BS 

With practical valuea of )t ...... 6, this leads to f\l :::>0 1, a value too low for an 

economic Tokamak aystem(14)unles8 q = 1. If the pressure gradient ia the result 

of a temperature gradient rather than a denaity gradient then the result is 

much less restrictive. 

NON-S~IC SYSTEMS 

In non-symmetric systems such as the stellarator there is no ignorable 

coordinate and angular momentum arguments cannot be applied . Indeed it has 

heen shown (15) that there are 'particle orbits (super-bananas) which can depart 

from a magnetic surface by a distance totally unrelated to tbe gyro radius in 

either the poloidal or toroidal field. Howev~r, at high enough collision rates 
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these orhits are unimportant and then the diffusion takes place as though 

the system was symmetric with a mean poloidal field(16,11) 

According to this work t he diffu sion driven current is also unaffected, 

a l though thi s point has bee n disputed(l1). 

FLUCTUATION INDUCED DIFFUSION 

From the momentum e(luat i on wc can say that if fluctuati ons are to increase 

the rote of particle diffusion then they must result in an equa l and opposite 

toroidal force on the two charged spe .c ie s. This is an applicat ion to toroidsl 

geometry of a principle first emphas ized by Kadomtsev(18). However it is 

intercsting that a high frcfJucncy instability which only increases the 

electron-electron collision rate can change the particle diffusion by changing 

the diffusion driven current. Thus consider a long mean free path case i n 

neo-classical t heory and artificially increase the ratio Ve e/ Vei then on e 

finds 

r.:. 
j" - De 

nkT 
DJ. -- W- T1 

e 
i.e. the toroidal current goes to the Be nnett value required to contain the 

plasma in a pinch without &D, while thc diffusion coefficient goes to the 

pseudo-classical value (20) . This effect ceases when the electron-electron 

collision rate is s uch that they are not trappcd, the diffusion rate saturating 

at the intermediate value. (See Fig. I). Thus in this mod e l en han cing the 

electron-electron colli sion rate through high frefluency f1uctuutions can 

increase the electron thermal conduction rate without limit but only seI"VCS 

to increase the particle flux to the intel'mediate value. Uowever, most 

attention bas been given to low frequency instabilities which could increa8e 

'nte".ct'on(20,21). This s ubject is too complex t he effect ive ion-electrnn .. .. 

to review here . 
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EXPERIMENTAL EVIDENCE 

Pfir3ch & 
SchHiter 

~lat is t he experimental evidence that classical or neo-classical di ffu-

s ion ever occurs in practi ce'? Table 11 lists the main parameters of those 

experiments in whi ch detailed confirmation of classical theory has been 

claimed . Two are atellarators and two buried-ring devices . In the csse of 

the s t c llarators i t s hould be empha s ized that many other machines not di st ing-

ui s hed from these in any obvious WBy have not shown classi ca l containment. 

In the Wendelstein II experiments (22)the bar ium plasma wa s maintained in 

steady state by thermal i onisati on on n hot ball in the centre of the plasma. 

Containment at r ational t rans f orms was poor but between these r eaonaoces con-

• tainment in agreement within a factor 2 with that expec·t ed from the Pfirsch 

and ScblU~er theory was obtained. The density was varied over a decade but 

the magnetic fi el d by only- 50% and the plasma radiua not at all. The trans-

form was varied over about one order with the containment following the 

theoretical curve. The system had effectively zero shear. 

In the Proto-Cleo experiment the shear i s relatively higb (9 _ 0.1) aud 

the containment of p~18ed plasmas has been studi ed over a wide ronge of 
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menn free paths (2;i) . It proved difficult to vary single parameters indepen­

eotly but on 8 universa l plot of "l't. v erS llS ~~). . the result s s howed remark-
pS e l 

able agreement wi tll the pre di ctions of a theory modified to take account of 

t he large ion-gyro radius (Pie> r). (1" ps'" containment tinle predicted by Pfirscb 

a nd SChHite r). However, t he diffusion drive n cur:pent which s hould acc ompany 

the neo-c l assica l di ffusion was not found, t hrowing doubt on our understanding. 

In t he two buried ring devi ces Be > I\:p and so they can never test criti -

cal1y the neo-classical theo ry which shows the strongest effects when Ba « ~. 

In the flJ-l Levitron (24) the confinement time i s observed to fo llow cla ssica l 

scaling but absolutel y 5-10 times below the predicted l evel until a critical 

number of Dohm time s is reached,alter whi ch the confinement scales like Dohm. 

The maximum confinement observed corre sponded to aOO x Dohm when ~Be _ t. 
Higher values give poorer containment as do lower ones, although in the latter 

case flute modes are expe~ted and seen . 

In the San Diego octopole experiments full confirmation of the transport 

theory from the Pfirsch and SchHlter to the banana regime is claimed(215}. 

However , be cause of the small ratio between ~ and Ba t he difference in 

loss rates in the various regimes is only-j. 

Thus we must conclude that we do not have a convincing experimental 

demonstration of neo-cla ssical containment theory. In the only case where 

this might have been obtained {Proto-Cleo} an essential prediction of the 

theory was not confirmed. The re sults on FM-I indicate that in a l evitron 

wi th ~ » Be instabilities would make such a confirmation impossible. 

Much work has been done in appl ying the neo-classi ca l theory to Tokamaks 

Duchs(26} has listed the various respects in which the resulting predi ctions 

differ from the observations :-

(i) skin effect ' predi cted but not ob.erved 

(ii) temper.ture profile - ••• i n skin effects predicted but not seen 

(iii) den sity profile too peaked in model 
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(iv) Ez field predic ted 20 ... 30 times lower than 

measured 

(v) particle and energy containment times 

:I. predictedNIO longer than ol"lserved. 

In this situation a variety of recipes have 'been used to 

modify t he coefficients to take account of instarilities. 

These recipe s are of course not unique, and 1n the er-se nce of 

stronger theoretical backing they can only ee eVbluated ~y thei r 

success in pred i cting the perform ance 01' the larger machines T-lv 

and P'LT which w1ll e.,.tend the parameter r ange . 

SUMM AR!.: 

(i) The theory of claB~ical containment 1n toroids has 

undergone a d ramatic revision in the bst few years to take 

Bccount of trapped particles. The consequence i s a Bul">stantia l 

reduction in the eypected contuinment times . 

(ii) The re is some evidence to support this theory from 

experiments on eystems with vacuum fields such as multiooles 

end stel16r[ltora. However t he evidence is not ccnclusive and 

i s i n tiny case limite d to low temperature plasm~s. 

(iii) In driven systems f>uch as tokomaks the oh serve d 

containment properti es hear little relation to the neo-classica l 

theory . Part icul ar d ia cr epb.ncie s bre that the theory gives the 

wrong value ror the radial particle fluy while the oeserv ed ther ma l 

traneoort ~ue to the elect rons is N 2 orders larger than the 

theory pred i cts . ~mhng poss i hle e yplanat i ons far these 

d i screoanc i ea are :-

( a ) l ~c k o f adequ~te self-con2istency in the theory 

when a p plied to driven systems. 

(h) hydromagnetic instabilities 

(c) high frequenc y instabilities giv ing enhanced 
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thermal transport. 

( cl) low i"requency in s t ahilities increusing particle 

rluye s . 

le) f a i lure to fonr magne tic surfaces . 

Ev peri mentally trese questions wi ll be Gnswered hy e ytending 

the rtlnge of par Clmete rs. in par t icular by i ncre ~8 ing the 

dischl;lrge r.urrent. ond by rr.ore se arching diagnos is of eyisting 

e vperiments, e . g . d et&.iled ru6 bsureme nts of fluctuating quantities 

ln~ide the plusm& . 
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TABLE I 

EGUILIBRIA 

i CALCULATION -r ------ FIELDS RESULTS 

I =I~IImlllM SELF- CONSISTENT ~a '" RI. I 0 -~ 

I RESISITIVE (B , B , B ) • 
MHD PLASMA r e Z Bo 
TOROID (4) (0, Ba (1 - [ Ae •• a), h ) 
,oi~ Ba«B 
. . 

PARTICLE MODEL 
I NEO- CLASSICAL 

DIFFUSION (5) 

o i ~ 

(B , Ba, B ) = 

( O~b~r) ,B.;j 
h '" R (1 +€: COB e) • 
b « B • 

VALID FOR 
6a '< 1 

VALID FOR 
~ <! 1 

TRANSPORT 

_S 
NO RESULT 

ON DIFFUSION 

1 
EQUILIB. ~a .-. 

1 q 
i:le > - a _ PfirBcb & 

q Scbltlter 
LOSS RATE 

j .. B :a 9p 

but J =I curl B 
ONLY SELF- CONSISTENT 
IN SEPARATE en. CALC. 
USING "TOROIDAL" 
COEFFICIENTS 



TABLE II 

EXPERIMllNTS 

R r n T T 
(cm,) (cms) q (CDlS-.3) • P T/ 

(.V) (,.c,) TB ,. WIl ba. 50 4 5 W' 0.18 
_ 1 

10 ' 

at STELLARATOR 
-

PROTO-CLEO 40 STEILARATOR 
4 " 109_10 11 ..... 2.0 ...... 5xl0- 3 - 10 

1'\1-1 150 LEVlTRON 
_ 50 o-o.a 1&10_10 12 0 . 1-1.0 

_ 1 < ;j00 

SA.~ nuxlO aoo OCTOPOLE "" 100 0-0.;:1 10 10 0.05- 1. 5 0.1 ...... 102 
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TOKAMAK HEATING BY NEUTRAL BEAMS AND AD I ABATIC COMPRESSION 

H. P. FURTH 
Plasma Physics Laboratory, Princeton University 

Princeton, New Jersey 08540, USA 

" Realistic" mode l s of tokamak e nergy confinement strongly 

favor reactor operation at the maximum MHD- stable B-va l ue , in 

order to maximize plasma density. Ohmic heat i ng i s unsuitable for 

this purpose. Neutral- beam heating p l us compression is well suited; 

however, very large r e quirements o n device size and injection power 

seem likely for a DT ignition experiment using a Maxwellian plasma. 

Resu l ts of the ATC experiment are reviewed, including Ohmic heat i ng, 

neutral-beam heating, and production of two-energy- compone nt p l asmas 

(energeti c deute ron popu l a tion in deuterium " target plasma"). A 

modest extrapolation of present ATC parameters could give zero-power 

condi tions i n a DT experiment of the two- energy-component type. 

I. Introduction 

Classical or pseudoclassica1 energy con finement in tokamaks 1 

would imply that nT E is independe nt of plasma density. The heat­

ing power required to meet an nTE- criterion at given temperature 

can then be min i mized conveniently by going to low density -- and 

correspondi ngly long energy confinement time. 2 ,3 On the other hand, 

scaling laws based on trapped-particle instabi1ities1 imply 

nT E ~ n 2 and the refore strongly favor operation at the maximum 

density consistent with MHD 1imitations 4 on B. 

Some familiar theoretical (or semi-theoretical) models l have 

been used in Fig. 1 to indicate a possible scaling of confinement · 

with rising temperature. 5 The solid line represents the expected 

value of central nT E as a function of space-averaged Te ' for a 

tokamak current I:::: 1 MA, toroidal field parameter b t = Bt /50 kG 

:::: l, aspect ratio parameter A = R/3a :::: l, poloidal e l ectron beta 

ape = 81TnTe/B~ = l, and effective ionic charge Zeff 1 . Par 

different values of I b t , A, ape and Zeff each line segment 

should be displaced as shown by t h e respective arrows; the length of 

each arrow represents a factor-of-IO increase in I or its coeffi-

cient. (Lowest practical aspect ratios Rla - 3 are favored, since 

they maximize I ; f or safety factor q 2 .5 , and Ti - Te one 

then has ~ - O.036~pe .) The diagram of Fig. 1 should not be taken 
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too seriously as a source 

of quant i tative predic­

tions about c onfinement, 

but it will serve to 

.:; 

• 
" 
, 
o 

'E 11 
~ 10 

o MODEL C 

orient the present discus­

sion of the tokamak heating 

problem. For simplicity , 

the discussion is special­

ized, t o tokamaks of circular 

minor cross-section I though 

vertical elongation has 

important potential advan­

tages. 
• o,~o.~,:----:!,,70'~':--_-'-' ~,~,,~,:---~'~"~.~'--~'~O~O'kev 

Ohmic heating in the 

pre s e nce of Bremsstrahlung 

cooling and K times pseudo­

Fig . 1. Illus tration of hypothetical scaling 
l aws i n re lation t o Lawson diagram . 

classi cal e nergy transport would imply 

B -!2 [K + (I/l.6)2 J-l/ 2 
pe 

(1) 

where I is in MA. (The resu lt is indepe ndent of Zeff") For l arge 

tokamaks, the B -values given by Eq. (1) would thus fall well below 
pe 

the permissible MHD limit B ~ R/2a - 1 -- even if K pe 
large and if there were no line or synchrotron radiation 

were not 

losses. In 

the context of Fig. 1, we see that for pseudoclassical nTE-scaling, 

a low Spe -value does not matter; however, for the p ,rohably more 

relevant trapped-ion-mode scaling, the Bpe-value matters greatly. 

To offse t the reduction of Bpe from 1.0 to O. 1 , would require an 

incre ase of I by a factor of 3.2 -- corresponding to a probable in­

crea se of 15-20 in device cost. The fo llowing discuss i on is there­

fore oriented towards the realization of ape-values of order unity 

(a-values of - 4%), by non-Ohmic heating methods: specifically, high­

powered neutral-beam injection and adiabatic compress i on. 

I!. Adiabatic 

Adiabatic 

Compression 
. 6-9 compressl.on occupies a unique p lace in tokamak 

heating technol ogy. Being reversible, it is not among the primary 

methods for energizing the plasma: Ohmic, high-frequency and beam 

heating. Rather, it is a method for transforming the parameters of 
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tokamak plasmas from an initial irreversible heating phase at 

low magnetic field, density and temperature, to a final phase at 

high field, density and temperature. This transformation is not 

always advantageous compared with the alternative of heating ir­

reversibly in the high-field phase. However, in particular appli­

cations , for example as an adjunct to Ohmic heating against radia­

tion cooling, it can have significant advantages. ID Some scaling 

laws for adiabatic compression of well - conducting tokamak plasmas 

at, respectively, constant R or constant B
t 

are given in Table I . 

Experimentally , the 

compression of the 

tokamak discharge in 

e i ther minor6 or major9 

radius appears to func­

tion well. Present-day 

compression experiments 

are somewhat too small 

to give good adiabaticity 

(i.e., they do not obey 

Tcomp « TE); even so, 

the plasma parameters 

obtained have been quite 

Minor radius 

Major radius 

Density n 

Temperature T 

Plasma Current 

plasma Bp 
Plasma B

t 
Safety factor 

Aspect ratio 

a 

R 

I 

q 

Rla 

TABLE I 

Bt-compression, R-compress i o n , 
Constant R Constant B

t 

e -1 c- I / 2 

constant e-1 

e2 e2 

C4 / 3 c 4/ 3 

cons tant e 
C4/ 3 c l / 3 

C- 2/ 3 c 4/ 3 

constant constant 

e C-1/ 2 

satisfactory. In the ATC (Fig. 2), compression of an Ohmically­

heated plasma gives peak values 9 n lOl4cm -3, Te 2.5 kev, 

Ti - 600 eV. Comparable temperatures have been obtained in the 

somewhat larger T-4 and ST tokamaks , but the 5-fold volume-

"DI" .... " C 101lO1D"L COMPIUSO I 
1"1C I 

Fig. 2. Schematic of ATC . Neutral beams are 
tangential to torus magnetic axis. 

5 3 

compression in t he ATe 

permits excep tionally 

high particle and energy 

densities to be reached. 

The most useful 

type of adiabatic com­

pression for practica l 

thermonuclear purposes 

appears to be the com­

pression in R at 

fixed B
t

, rather than 



the converse: both because it gives the most appropriate final 

plasma parameters (high current, high a , low aspect r a tio), and 

because it avoi ds the necessity of pulsing the very large e nergy 

contained in the toroidal field. Considerably less optimism about 

ener gy confinement is required to envisage ignition in a larger 

device of the ATC type than with s imple Ohmic heating. 10 Nonethe­

less, the technique of Ohmic heating plus compress i o n over practical 

ranges of R does not exp loit the maximum a-value s permitted by MHD 

considerations. 

The use of irreversible compressionll i n R by a rapidly 

modulated vertical field ('comp ~ ' ii ) would i n principle permit 

continuous heating to high a- values . An extension of this technique 

to strongly R-dependent vertical fields l2 appears ·to enhance its 

e ngineering feasibility. Other high-frequency techniques - ion sound 

or cyclotron heating ,13 and heating at the l ower hybrid frequen c y 14 

-- also appear promising, especially when used in conjunction with 

adiabatic compression , which lowers wp and Wc in the precompres­

s ion p lasma , and multip lies the e f fec tive input power. The present 

discussion, however , wil l focus on the possibilities of n eutral-

beam injection, alone or in conjunction with adiabati c compress i on. 

Il l. Neutral-Beam Heating 

The i n jection of toroidal plasma with energetic neutral beams 

has l ong been a theoretically attracti ve possibility: in a closed 

system , the beam need not build up the plasma density, but need 

merely serve as a source of heat: a s ingle injected particle can 

provide the thermal energy of 10-100 "hot" p l asma particles. The 

advent of multi-ampere neutral-beam sour ces1 5 ,16 with e n ergies in 

the range 10-30 keV has now made neutral injection a practical 

experimental approach for tokamaks. 2,17,18 

Initial beam-injection experiments on the ATC device 19 (Fig. 3) 

have made use of a 30 -45 kN, - 1 5 keV beam, from one of two sources 

o f -70 kw maximum capability each , which were deve loped and built at 

the Lawrence BerkeIey Laboratory.16 Several times larger powers can 

be injected with a peak energy component of 30 keV from the four 

guns of the ORMAK device.
17 

Even allowing for imperfect energy 

transfer to the p l asma ions, these i nj ected powers are competitive 

with the 50-100 kW input from e l ectrons to i o ns in present-day 
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Ohmic-heated tokamaks. 

Sources with individual 

ratings approaching 1 Mtv are 

now being deve l oped; their 

capabilities should be well 

suited to the heating re­

quirements of next-generation 

tokamaks . 

To obtain sufficient 

trapp i ng of the injected beam 

in a tokamak discharge is not 

difficu l t, Q\'Iing to the high 

ionizing power of the plasma 

target. (For tangential 

300 

T, 
( eV) 

200 

100 

BE AM ON 

o BEAM ON 
... BEAM OFF, ARC 

ANO GAS ON 
6 BEAM SYSTEM 

VALV EO OFF 

o~ __ ~ ____ +.-__ ~=-__ ~ __ ~ 
5 10 15 20 25 

TI ME (msec) 

Fig , 3. Hydrogen beam injection into pre­
compression ATC hydrogen plasma, with T - 700 
eV , n = 1 , 5 ' 1013cm-3, and I A 60-70 kA: 

inj ection into ATC , for example, essentially all the beam is trapped 

-- though not all into contained ion orbits. 2 ) The real problem for 

tokamaks i s excessively good trapping , which will f orce the use of 

inconveniently high beam energ i es (>2 00 keV) to reach the central 

plasma reg i ons of large fut ure devices. 3 The penetration problem 

can be solved , of course, by envisaging operati on at low densit i es, 

but this approach r equires almost the same degree of optimism about 

plasma energy conf i nement that is required for Ohmic he a ting to 

ignition (see above). 

The confinement of injected ion orbits in present-day tokamaks 

with curr ents of - 100 kA (60 - 70 kA for precompr ess i on ATC) is rather 

poor even for ~ l5-keV par tic l es. Tangent i al inj ection is , in fa c t , 

a necessity, since most of the trappe d-particle orbits would leave 

the p l asma . (The associated anisotropy of the energetic ion popula-

tion may possibly become a cause of velocity-space instabilities at 

higher heating powers .) The orbit-confinement p r oblem wil l be eased 

greatly in future tokamaks a t the I-MA l e vel and beyond. Another 

hypothetical source of troub l e is the induction of loca l or global 

plasma rotations by t h e i njected beam momentum . 20 At present power 

leve l s of the ATCl9 and CLE02l experiments , there has b een no overt 

evidence of either velocity- space or rotationa l effects. 

Following the trapping of a n eutral-beam particle into a con­

fined orbit , the resultant e n ergetic i o n slows down by collis i on 
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with the plasma particles, or is lost by charge-exchange (and 

possibly retrapped before leaving the plasma). For injected ion 

energy toJ ~ 15 Te' the rate of energy transfer to electrons and 

ions is equal; at higher energies, the heating of electrons pre-

dominate s. In large tokamaks, this consideration is unimportant, 

since the n T-va lue for electron-ion equilibration is shorter than 

that for ignition; however, in present-day experiments, ion heat­

ing is favored significantly by low-energy injection. The slowing­

down time of the injected ions, for example in ATC,19 is of order 

10 mseCi since charge-exchange times in a typical neutral atom 

baCkground of - 109cm-3 are of order 5 msec, the charge-exchange loss 

of injected ions is a dominant consideration in the energetics.
22 

(H . P. Eubank points out that, in the present parameter range , 

raising the injection voltage could actual l y lower the power input 

into the plasma ions ! ) since the slmling-down of injected ions in 

large tokamaks of the future will be in the 100-msec range, it is 

fortunate that neutral atom densities well below 108 cm-3 are ex­

pected on the interior of these plasmas. 

The total plasma ion energy rise in the ATC experimentl9 is of 

order 30 J, and takes place in 5-10 msec, i . e., following injection 

of - 200 J of beam energy. This result is roughly as expected 2 ,22 

two-thirds of the beam energy is lost before thermalization, and 

about half of the remainder goes into the plasma ions. 

In next- generation tokamak experiments, such as the PLT device 

(a 45 cm, ~ = 135 cm, B = 50 kG), fairly large heating powers would 

be required to reach the Bp e - 1 regime. About half a mega j oule 

of energy would then be store d i n the plasma; the required power 

i nput into the plasma parti c l es wou l d be of order 5 MW. At an ap­

propriate inject i on energy for beam penetration ( - 50 keV), the 

efficiency of neutra l ization for positive source ions wou l d still 

be moderately good (50-60% ) . A total input power of 10 MW at the 

ion gun might thus suffice to g i ve the desired plasma a-value, and 

this appears feasible from the point of view of neutral-beam tech­

nology. In order to carry out such a plan in practice, a solution 

must first be found to the , problem of wall-atom-sputtering by charge­

exchange neutrals I vlhich threatens to become a source of intolerable 

plasma impurity levels fo r tokamaks with keV-range ion temperatures}) 
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In proceeding to still larger tokamaks, intended to approach 

ignition conditions, one technical problem will be the need to 

operate at much higher injection energies, where the neutralizati on 

efficiency for positive ions becomes small. A second problem has 

to do with t he uncertainty r e garding the min i mum plasma size re­

quired t o meet the nlE- criterion. If confinement scales wi th tem­

peratur e i n t he manner illustrated in Fi g . 1 , a t okamak curren t 

of - 10 HA would be suf f icient, correspond i ng to a plasma energy 

conten t of -300 MJ , and a hea t i ng power o f -100 MW deposited into 

the plasma partic l es . 

I V. Compress i on o f I njec t i on-Heated Pl asmas 

In the ATe experiment,19 t he moderate i on tempe r atur e incre­

ments of 30-50 eV produced by neutra l -beam injectio n at 30- 45 kW 

can be ampli fied -3- fold by compression. ATC da t a t aken i n the 

preheating phase a r e s till ins uffic i e nt t o e stablish t he functio~al 

dependenc e of Ti on i nj ect i on power : If the de pendence is roughly 

l i near, then the t o t a l ATC i on-heating c apability is equiva l ent to 

-3 times the maximum pr e heat injection power, L e ., a bo u t 400 kW. 

If the dependence is weaker than line ar, the equiva l e nt power of 

inj ection plus compre s s ion would be i nc r eased s ub s tantia l ly. 

There are sever a l other potential a dvantages o f compress ion 

in t he context of injection-heating l a r ger t okama k pla s mas . The 

prob l em of beam pene tration is solved by in j ecting into t he pre­

compressjon plasma, where the produc t na is reduced by the factor 

(R1/ R ) 3/ 2. Furthe rmore, since the compression ampli f i e s t he initial 
o 4/3 

e ne rgy input by the fa c tor (Ro/RI) , the energetic e fficiency of 

the source becomes a far less criti cal consideration in the over-all 

e ne rge tics. The impurity-evolution problem is not so s e vere in the 

precompression state, and one can hope to maintain good purity at 

least transiently i n the compresse d plasma by keeping it from making 

wall or limiter contact. 24 Finally, plasma decompressio n at the end 

o f the cyc le has the attraction of recovering the energy of the 

plasma (and charged reaction products) with an efficiency 

1 - (RI/Ro) 4/3. This i s of appreciable interest in regard to re­

actor economics, and also in regard to the nontrivial problem of 

t e rminating a larger tokamak discharge in a harmless fashion. 
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The principal d raw-back of compression (of the ATe-type) is 

the added magnetic field volume requi red by the plasma motion: 

the total toroidal field energy, however , would be enhanced only 

by factors of 2-3 

diver tors must be 

in an optimized coi l system. 

incorporated into tokamaks to 

If magnetic 

so l ve the impurity 

problem , as now seems likely, mag~etic energy enhancement factors 

of order 2-3 may no longer appear excessive. 

V. Two-Energy-Component Reactors 

A conventiona l toroidal reactor can achieve arbitrarily 

large amplification factors for fusion power output relative to 

plasma heating power input, by operating sufficiently close to the 

11 i9 ni tion condi tion" of Fig. 1. Alternatively, it is possible to 

envisage usefu l r eactors with quite smal l power-amplification 

factors , as in the case of mirror machines. For this type of 

operation , a promising toroidal system is the so-called two-energy­

component reactor, or "wet-wood burner. 11 As shown in Ref. 25, an 

energetic deuteron beam (100-200 keV) decelerating in a toroidally 

confined tritium plasma with moderate electron temperature 

(Te = 5-10 keV) and arbitrary ion temperature, can achieve somewhat 

better power amplification than a conventional-mirror machine , and 

about the same amplification as a two-component mirror reactor. 26 

A conventional toroidal r eactor operated near ignition is 

obviously pre ferab l e to the wet-wood burner as a l ong-rang e goal 

for large-scale economic power production . The main drawback from 

the point of view of present-day reactor experiments is that the 

minimum size of a reactor plasma is not yet known. The linear size 

of the plasma must scale as a tt 0 1/ 2 where 0 is a measure of 

the energy transport coeff icient; the cost sca l es roughly as 

$ tt 0 5/ 4 ; unfortunately, authoritative present-day opinions con ­

cerning the magnitude of 0 in a reactor plasma range over con­

siderably mo re than a factor of 10. An encouraging element in the 

situation is that an effective increase in confinement could ap­

parently be obtained at reduced cost by improving the design of the 

torus minor cross-section , 27 instead of increasing its overall 

scale. In relation to the plasma heating problem , it is useful to 

note that the required power scales as P tt 0 3/ 2 . On the other 

hand, once 0 is known for conventional reactors, the dependence 

of heating power on size is rather weak, scaling as P tt a. The 
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experimental operation of next-generation tokamaks shou l d serve 

to reduce the uncertainty in D substantially . 

The wet-wood-burner approach has the significant short-range 

advantage that the required plasma target has parameters similar 

to those obtained in present-day experiments on small tokamaks. 

The required injection power and the output power are extremely 

steep functions of size (P « a 3 ) so that the plasma of a \vet-wood 

burner both can be, and indeed has to be, rather small, even for 

injection powers as high as 100 MH. Accordingly, the size of the 

required tokamak plasma target can be e~timated fairly accurately 

(something like the plasmas in PLT or T-IO). Whether the approach 

of ~arginal power amplification in a tokamak is of genuine economic 

interest, of course , r emain s an open question. Addit ion of a 

fissionable blanket would eliminate all doubts about the power 

economics, but would reintroduce some other drawbacks that fusion 

power is intended to surmount. Atta inment of a zero-power tokamak 

wet-wood burner thus seems more likely to stimul ate interest in 

progress ing to a conventional tokamak reactor, than to supplant it 

as a practical goal. 

Ini tial experiments on the ATCl9 are testing some of the 

mechanisms of the wet-wood burner approach. A deuterium beam of 

- 15 keV , -3 A, was injected into a precompression deuterium plasma 

of Te - 600 eV (Fig . 4) . The slowing - down of the injected ions 

can be determined both from direct observation of tangentially 

emitted charge-exchange neutrals 

and from the decay of the neutron 

emission after beam shut- off. 

The observed decay rate of - 1 keV/ 

msec is roughly consistent with 

expectation . The neutron produc-

~ l.e 
1O • NEUTRONS/PULSE 

PER UNIT na 

T 
/f". 

< e - 1 tion rate of - 5' 10 sec appears 
10 

. \ 50~ 

s l ightly too l ow (by a factor of 

- 2), but this remains to be veri­

fied. When the plasma is com­

pressed i mmediate l y following in ­

jecti on, the neutron production 

rate i n creases to -5 . 1010sec - 1 , 

0.' 

• 
\. 

"-
" 

40 45
0 

Fig. 4. Deuterium beam injec t ion into 
ATC deuterium plasma. Ratio of neutron 
yie ld to electron density is roughly con­
stant throughout discharge time. 
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again somewhat below expectation, perhaps because of noncon­

tainment of the ~ost energetic ion orbits. 

As an introductory example of the two-energy-component idea, 

it is of interest to consider an uneconomical "mini-reactor" with 

about the same plasma parameters 

plasma in ATe: n - 1014cm -3, l' 
e 

and dimensions as the compressed 

2 keV, a volume of _105 cm3, 

and a current of -200 kA . If this plasma is tritium, injected 

with 500 kW of 60 keV deuterons, the result is -50 kl'l of fusion 

products. The required reaction time of the energetic deuterons 

is - 10 msec. Evidently, the charge-exchange and orbit-confinement 

problems in ATe would need to be improved somewhat -- and, of course, 

velocity-space instabilities28 are assumed to be absent. The 

present measured neutron-production density of -106cm-3sec-1 in 

ATe, would rise to - 109cm-3sec-l, if one were to use a tritium 

target plasma and deuterons of 60 keY initial energy. The energetic 

deuteron density would rise from the present level of _1 011cm- 3 to 

the Bp-l imited density of _10l3cm-3 and the neutron production 

would reach the desired operating level of - lO llcm- 3sec- l . This 

is about the same reaction rate as that in a conventional DT plasma 

at n = 1014crn-3 and Ti = 5 keV. 

A plasma somewhat smaller than PLT could be used to cross the 

zero-power reactor condition. 

parameters n 10l4crn-3,1'
e 

injected with a 10 Ml'l deuteron 

If the tritium target plasma has 

4 keV, volume _106cm-3, and is 

beam at 150 keY, the fusion power 

output could a lso be 10 MW (Fig. 5). If one imagines the plasma 

thermal energy to be recovered with good efficien cy (e.g., by 

decompression) , this power amplification factor (F = 1) would be 

sufficient to "cross the zero-power condition ." This examp le 
13 -3 ass umes an energetic-deuteron density of 10 cm The required 

reaction time is 35 msec (Fig. 5); during this time, the energetic 

deuterons must not be l ost , or degraded appreciably by means other 

than collision. Thus we have for the energetic partic le s , the 
11 -3 criterion nTE » 3 . 10 cm sec . "Zero-power operation" also 

implies that we do not require heating of the target e lec trons 

other than by the deuterons. This condition is met, provided that 
12 -3 TEe> 20 msec, or nT E > 2' 10 cm sec for the target plasma. 
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To proceed from this point 

to the generation of useful 

power, the injection power should 

be raised and the amplification 

factor F should be doubledi 

this implies a plasma electron 

temperature of 10 keV. The 

plasma ion temperature, however 

can remain low. In view of the 

rather weak nT-conditions,25 this 

regime should still prove rela­

tively straightforward to attain 

in a device with a PLT-size 

plasma. 
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INTRODUCTION 

TOKONACS WITH NON-CIRCULAR CROSS-SECTION 

G. LAVAL and R. PELLAT 

Centre de Physique Theorique d e l ' Ecole Po l y tec hniqu e 
17, ru e Descartes - 75230 Pari s Cedex 05 - France 

"Equipe de Re c herche Assoc i ee au C. N. R. 5 . " 

Wh e never t he q uality of a plasmais measure d by its ioni c temperatu-

re, its de nsity and e ne rgy confineme nt ti me, i t i s qu i te natural t hat the 

presen t t rend in Tokomac r esearch i s t ow a r ds large r i nstall ations with hi g her 

total current a nd hi g her magn e tic fie l ds. l 'hese impr ovements are more and 

mo re expens i ve a nd we are not far from t he poi nt where we need new met hods to 

overcome t he limits of ohmi c hea ting in con vention a l Tokomacs. One of t hese 

new ideas i s to use ohm i c heating i n disc ha r ge of the Tol{ omac type with a 

non-circul a r cross- section . The advantage of s uch a configura tion c an be seen 

on very intui t ive gl'ounds. Let us assume t hat the Kruskal-Shafranov stabil i t y 

conditio n y ields upper limit fo r the current de ns ity a nd t hat this condition 

can be writt e n 2' rr. s: 1 where I.. i s the t ot a l rotational t r a nsf orm. If we elon­

gate the plas ma c ross - sect ion in the v~rti ca l direct i o n , wc s hall need a l ar­

ger value of t he poloidal field and conseque nt l y o f t he c urrent de ns ity in 

order to achieve the condi t ion 2'n = 1 . Thus ohmi c heating will be more effi­

cie nt. The densl ty shoul d be large r since it ap pea r s from AT e experime n t 

t hat the max i mum densi t y increas e s with the heati n g r ate. The final ion tem -

perature s hould also be larger s inc e it appears to be an increasing f unction 

of the tota l c urre nt . These optimisti c co ns idera ti ons have motivated many 

t heore ti cal and experimental s tudies[1] . In this paper we s hall onl y deal 

with the theoretical res ult s an d try to pu t numbe r s where only qualitative 

estimates we re up to now. 
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TilE EQUILIBRIUM 

We recall at first t hat the maximum value of 13 can be increa~e d in 

a toroidal equi librium by elongating the plasma cross-sections along t h e ver­

tical axis. For an ellipti c cross - section we found[2 ] 

where b i s the ell ipse minor axis , 

the mag neti c ax i s radius. 

E 
1 b 1 -"4 
2--­
q R 1 - E 

a the verti cal major ax i s , E = 1 _ b: 
a 

an d R 

He r e we do not want to discuss the toroidal effects but only cylin-

orical equilibria pointing o ut the n ew features whi c h arise when t h e c ross-

sect ion i s el lipti cal . In the low 13 case whe n the ratio of the poloidal 

f i eld Bp to the toro idal one BT is s mall er t han one, we can set 

The toroidal c urr ent j(~) is mu c h larger than the poloidal one and the e qui -

librium equat i on redu ces to 

If j(~ ) = cte, t he magnetic sur face c ross- sections are s i mil ar e ll ipses with 

t h e same ration ~ . If j ( ~) = A~ wi th ~ = 0 a t the edge of t h e plas ma, the 

el lipticity inc r eases as we go from the magnetic a x i s to the plasma-vacuum 

interface (fig . 1) . When j(~ ) is constant, the safety factor q = { (..2~~») -1 
is constant t h rou g b the pl asma so that the aver age magnetic s h e a r is zero, 

On the other hand, when j ( ~) = A~ wi th ~ = 0 at the edge of the pl asma, 

q(ax i s)/q (boundary) is a decreasi ng f u nction of the ellipt icity (fi g , 2) , In 

this case, t h e e ll iptic ity se ems to increase the average s hear. Thi s l ast 

effect i s u nderstandabl e \\'hen we l ook at t he vac uum magn e ti c f ield (fig. 3 ) . 
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The main feature i s the appearance of a separntrix I"hich comes very close to 

the plasma in the second case It'hen the ellipticity is i nc r ease d. Thus the po-

loidal magnetic field becomes very small at the top of the ellipse . It is 

impos sible to maintain a surrounding conductj ng shel l on a c losed magnetic 

s urface. In the following the conducting shel l cross-sectio n and the plasma 

vacuum i nterface c ross-section will be taken as confocal ellipses for this 

reason. 

DIFFUSION 

Since in present Tokomacs the ion energy losses seem to behave neo-

c lassicaly we are go ing to estimate the iOll temperature i n a Tokomac with e l ­

liptic c ross - sect ions by following the neoclassical theory[JJ . We assume the 

magnetic surface croBs-sections to be gi ven by the equations 

R - R o p Cos e 

z k P Si n a 

where Ro i s the magnetic axis radius. The magnet ic surfaces are given by 

p = cte and k can depend on p . The flat curre nt case where ~~ = 0 has been 

treated by Strauss[4J, The average trapped parti61r bounce frequency w is 
a 

sti 11 gi ven by 

Vth fP 
qR VR 

o 

where Vth is the thermal s peed. Then particles will follow the banana d i ffu­

sion or the plateau diffusion law in the same range of temperature and densi-

ty as in a Tokomac with a circular cross-section having the same aspect ratio , 

The tot al ion thermal flux can be estimated in the plateau regime by 
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r 

"'here V is the plasma volume, q is the safety 
BT 

factor defined by q = 2nR 
dt 

iD 
p 

where t he integral is taken along the magneti c surface cross-section, Equa­

ting r wi t h the energy influx from the e lectrons[5] Io' e set 

r 4.2 x 10-20 
0

2 V 

Ai~ 

where Ai is t he atomic weight of the ions. We obtain for the expected equili­

brium ion temperature 

(2) 

If we can achi eve the same value of q as in circular cross-sections Tokomacs, 

we see that the ion temperature will increase like k
2

/
J 

keeping the other pa-

rameters constant . The plasma volume will have increased only by a factor k. 

In order to achieve the same temperature i ncrement in a Tokomac with circular 

cross-sections, we s hould have been obliged to increase the plasma volume by 

a factor k2 , 

~I oreover, q is related to the current density j by 

j 

Thus for a given q, j is a n increasing function of k<l: 1. Ohmic heating will 

be more efficient in the elliptical discharge and we can expect higher possi-

ble val u es of n. This advantage cannot be computed since we do not understand 

e l ec tron energy losses but we may expect a favorable effect. 

We noti ced that the transition to the banana regime does not depend 

on k . Present Tokom ncs are the verge of the banana regime for ions. The tem-
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perature increme nt g iven by equation (2) can bring the ion s in the banana 

r egime where the flux r takes now the form 

r_ 
1 Vu m

i 
V
thi 

0 2 . 
c. 

where vi i is the ion-ion colli s i on frequency. 

Th e e quilibrium temperatur e is now given by 

T .-< • 

k2 2 
P 

The io n temperature i s proportional to k
2 

Thus we co ncl ude that \~e can more 

eas ily cross the banana-plateau transition and reach hi gher ion temperatures 

in a Tokornac with an elliptic c r'oss-section t h an in a Tqkomac with a c ircu lar 

cross-sectio n a nd t he same plasma vol ume and magneti c field strength prov ided 

t hat we can achiev e the same va l ue of q in both cases, 

The preceding evaluations have been done with the assumption t hat 

:~ = O. If :~ ~ 0, it is an easy matter to i nc lude this tel'm in the neoclas­

s i ca l theory and we fi nd 

r (dk 
dp 

In the case of f i g ur e 2, if k is 2 at t h e plasma-vacuum i nt erface, kip,.", 0.4 

s howing a negl i gib l e increase in the flux. Eve n for k = 3 at the plasma vacuum 

interface, the fl u x increment is about 15 '% . 

STABILITY 

In est imating the advantage of a ve rti cally elongated ellipse from 

the poi nt of view of diffus ion, wc ha ve ass um ed t hat the minimum val ue of q 

did not depend on t he s hape of the cross-section . Th e resul ts s howed the im-

portance of this assu mption. This minimum valu e of q i s determined. by st abil1 -
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t:; criterions against macrocospic modes. In the following we s hal l discuss 

the theoretical results in this area. 

It is well known that the stability conditions against localized 

modes can be studied with the Mer c ier criterion. For circular c ross-sections , 

it provides the usual conditions q(axis) > 1 ,,,hieh formally coincides with 

the Kruskal-Shafranov limit for kink modes. For a non-circular cross-section 

[ 1 J 
• the stability condition depends in a critical way on the coupling bet-

WCC D elliptic and triangular terms by t h e formula 

q(axis) > 

(1_~)1/2 

(1_E,1/2 

for magnetic s urfaces given by 

2 z .-
a' 

cte . 

In order to improve the stability of a vertically elongated ellipse, the t1'i-

angle must be pointed outwards. On the axis Cl can be smaller than one without 

vi 01 ating the s tabili ty c ri terion . For in s t a nce if E = 0.6, i. e. k = 1.60n the 

axis, a r easonable triangul ation leads to 0, 7 as the minimum value fo r q(ax i s). 

From figures 1 and 2 Io'e conc l ude that the cor r esponding minimum val u e of q at 

the plasma vacuum interface will be 2.3. 

A h OJ'izonta l ellipse would allow a much more important ga i n . But we 

would l oose on the diffus i on ground and the kink instabilities "'ould probably 

reduce the value of q(axis) to the same range as for a vertical ellipse as we 

s h a ll see. 
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2 . Kink modes --------------
The ana ,l ysis of kink- modes[6] ha s been performed in the usual ran_ 

ge o[ parameters 

I} < limiting equilibrium value 

b/ R <t: 1 

o l OT" 1 

" 

.... ·here kll is thc 'vavc-numbc)' in the direction of the mai n toroidal magnetic 

fie l d. We recall t h at in t he case o f an e lliptic cross-section wi t h f l at c ur-

rent profi le, the ins tability domains ,,'ere considerably ,ddened by the e l l i p-

tic ity so that t h e advantages of SHch a conl'iguration '>'as qucstionable ( fi g. 

3). We have numerically so l ved the same problcm for a current proportional to 

the flu x fun c tion + 

j 'X + , and + o at the plasma bounda r y . 

The res ult s of figure 4 s h ow that the instability regions are now quite small 

for mode s m> 2. The re s ults of figures 3 a nd 4 have be e n obtained with a con­

ducting s hcll 'illich is a canfocal ellipse s uch that (a ' b n) = 0.3 .... 'here a' is 

the major axi s of the cond uc ting s hel l cross-section . With s uch a curr ent dis-

tribution, it up pears quite easy to find the same working l'egime as for Toko-

macs with ci.l'cul al' c ross-sections namely q ~ 2 at the plas ma boundary . As we 

J,ave seen before th.i& c an sti ll be compatible with the stability wit h respect 

to locali z et.l modes o n t he ax i s. 

I n ol'der to understand this strong stabilizing e ffect of the toroi-

duI c urrent density g radient, '~e hal'e derived a n asympt oti c crite rion for mo-

des with large azimuthal ','D-ve -numbers or equ i valently fo r lurge values of nq 

where n i s the toroldal wave number. 

The instabi.lity c ondition call be "'I'itten 
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0< m- nq(S) < 2111 Y ~l j(S) 
p 

where q (S) and j (S) are the values of the safety factor and current density 

at the plasma boundary. If j(S) is zero, we obtain 

LOg( nq~S~ _ 1) < -IIQ mool 

with 

Q [ 
d ~ d ] [& di]- I 

4 11 dIPS Log J' Bp dIPs Y Bp 

For t h e case of an elliptic cross-section with parabolic current profile we 

find 

Q 

and 

0.692 [1+3.5( ~::r + ... ] 

Q 

2 
a 

4 b
2 

112 1 + 2b 
a 

a 
for b > 1 

for ::: <t: 1 

showing that the ellipticity in this case reduces the width of the unstab l e 

zone as found in the numerical result s (fig. 4) . 

We have also studied finite conductivity tearing modes in the same 

asymptotic limit. We find as an instability condition 

( ~) Log 1 - ni < - m Q 

Then the instability domain is symmetrical with respect to the kink mode in-

stability domain. Nevertheless such modes differ from kink modes since reso-

nant magnetic surfaces are inside the plasma so that they c ould lead to fast 

destruction of magnetic surfaces at the plasma boundary. 
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~~--~~~~~~~~! ~!~ -~ ~ ~~~ 

In a plasma \\' i th c irc ul ar cross-sections, axisymmctr i c modes are 

fou n d to be marginally s table. The cross- section cllipt i city i ntroduces a ne '" 

uns tabl e mode. Without s tabilizing co pper s hel l, the mode m::: 1 i s always un­

stable a n d corresponds to a trans lation paral lel to the major axis of the 

ellipse . In the flat current case, and when the co pper s hell c ross-sect i on is 

a confoenl e llipse, we find that the ax i symmetri c modes arc stabilized when 

the s tagnat ion point of the separatrix i s out of the s hell. For a paraboli c 

c urre n t profil e j ::o A Ij! t he reBu l ts are plotted on fig. 5 s howing a s lightly 

mOl'e seve r e s tability condition. If the coppe r s hel l coincides with a clos ed 

mag n e ti c su rfac e, the axisymmetric modes are found to be s table . It remains 

t o be seen if a few pass ive rods will be abl e to stabili ze these modes while ma ­

kin g possi bl e the use of the separatrix as n div ertor and t h e penetration of 

the external winding magnetic fluxes. 

CONCLUS IO~ 

Wc can now draw the following conclUs ions 

a) In a Tokomac with elliptical c ross - sec tion elon gated along the sym­

metry a x i s it seems possible to reach the same va lues of q as in a Tokomac 

with ci r cu la l' cross-sect ion. '['he main obs tacle could c ome from the l ocal ized 

modes in the vicinity of the magneti c a x is provided that one is convinced that 

these mode s c an really be dangerous . 

b) In s uch conditions the ohmic heating power c an eas ily be increased 

by a factor four providing higher e lect ro n temperature and h e l p ing to balance 

radiation losses at high temperatures. 

c) Diffus ion f luxes are reduced more rapidly than by increasing the 

vo lum e of discharges with c ircular cross-section. 

d ) The ions will be sooner in the banana diffus ion regime where the 

tempe rature incre ment is spectacul ar . 
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e) The separatrix can be used as a divertor. 

f) The only seriou s dral.back seems to be axisymmetric unstable modes 

though a coppe r shell or probabl y passive rods will be able to stabilize 

t.hem . 
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THE RF-HEATING APPROACH TO THE IGNITION PROBLEM IN LOW-B TORI. 

£. CANOBBIO 

AMoei.a.ti.oll EURATOM-CEA 
Vepall.teme.nt de 'PhYl.!A..que du P£.a.6ma e,t de la Fu.6.i.on Con.tJto-Ue 

Cell-tlte d'EtudeA Nuc.Uo.iAeA, B.P.8S 
38041 - GRENOB LE Fkanee. 

ABSTRACT. Additional non-ohmi c heating is necessary to get ignition in low-a tor;' 

Besides neutral injection, a number of rf-heating methods are shown to have favou­
rable thermonuclear prospe cts on the basis of the known theoretical scaling laws. 
The main areas for future work are indicated by stressing the need of a systematic 
experimental investigation of rf-heat i~g under conditions which are relevant to the 
ignition problem. 

I. Ignition and Heating Methods Other th'an RF 

A feasibility test of the ignition process in Tokamak and Ste llarator systems 

req uires a substantial improvement of the plasma parameters compared to those of 

present day facilities. This is shown in the following Table. where Ti is the ion 

(deuteron) temperat ure IIp the p 1 asmil den s ity, and LE the energy confi nement ti me. 

Unl ess stated differently in some cases, the following heterogeneous units will 

be used throughout the paper: cgs, T in keV. Electric Field in V/cm, Magnetic 

Fiel d in Gauss (G) 1 Electri c Current in Amps (A), and Power in Watts 01). 

Present Devi ces Ignition Experiment 

severa 1 100 eV , 10 keV 

-----~---------~---------------------~-

"p LE . 

Such a progress apparently depends on : 

a) increasi ng the toroidal current Ip from a 

<in Tokamaks, I is the plasma current; in p . 
lent external current). 

few 100 kA to a few MA 

Ste llarators 1 I pis ' an equiva-: 

b} increa s ing t he plasma vol ume by a f actor of ~ 30 by keeping constant the 

aspect ratio Rla ~4-3 ( R> 500 cm is the major radius. a ~ 150 cm, the 

minor radius of the plasma). The toroi da l magnetic field necessary to have 

plasma stabil ity can be $" 50 kG in an Ignition Experiment, but it mu st be 
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~ 100 kG in a full scale reactor. 
c) applying auxiliary (non-ohmic) heating methods as the power re l eas~d by oh­

mic heating (_ I~/RT~/2) is limited to a few 100 kW both in present devices 

and in much larger ignition experiments . As shown by various authors /1-6/ ~ 

a few 100 kW addit i onal power can already introduce impressive changes in 

Tokamaks and Ste llarators Of high performances, while a IJUch larger amount 

of power ~ 30 MW is necessary to make igniti on possib le at a density 
~ 10 1 '+ . 

We consider too optimistic the possibility of 1) getting ignition by ohmi c 

heating alone below "P~ 3.1013 (whi ch,by the way,would imply lE > 10'+ lBohm) and 

of 2) enhancing the electrical res istance of the pl asma by no current-carrying mi .­

cro i nstabi 1 it i es etc .. , and will foc us our attent ion to poi nt c) above. 

Collisional heatin g by moderate currents (=' 10 A) of fast neutral atoms with 

sufficient ly hi gh energy Eo to ionize uniformly inside a t>1asma is usually con­

sidered to be t he best candidate for additional heat ing. Since Eo scal es roughly as 

- (npa) 2 , we must have Eo:S 25 keY for present devices ,Which is alrmst availabl e, 

Eo - 50-100 keV fo r an ignition device, whi ch is still co ns idereo to be possibl e, 

but Eo _ 1-5 MeV for a reactor, and this is impossible with t he exi st ing i njector 

technology. 

Both t he phYSics of t he interaction with the plasma (yet largely unexplored) 

and the enginee ring requi rements of t he structure surrounding a thermonuclear plas­

ma may well impose additional constraints to t his method. Thus it i s highly desira­

bl e t o have other possibilities which do not suffer from the safl).:! limitations. 

In our opi nion neither t he methods impl ying ve ry l ow frequenc ies like a) Adia­

batic Compression and b) Gyrorelaxation , nor the very fast processes like c) Shocks , 

d) Turbulence, e) Intense V.H.F. Fields, f} Relativistic Elect ron Beams , etc .. . • 

which are at present proba~ly the cheapest and roost flexible ways to produce kilo­

j oules of plasma energy. can really be considered as seriou~Jong term cand idates 

for the thermonuclear goal in low-a tori /7/. 
a) Adiaba t i c Compres sion , both in the s ingle stage /8/ and i n the cyclic ver­

sions /9, 10/ implies at the therrronu.c lear level exceedingly expens i ve devices al­

l owing for large R excursion s of the pla sma (6R ~ If) and involves dangerously lar­

ge perturbations of the plasma equilibrium. 

b) Col li s i 6nal Heatings at a frequency up to about the i-i collision frequency 

also imply subs tantial perturbations of the MHO plas ma equilibrium. In fact from 

Schl Uter' s heating rate /11/ 

vH S (~)2 ~ ( 1) 
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it follows that in order to have vH ::: 1 s- l, in the the rmonuc l ear case we must have 

66/6 ~ 0(1/3), which, by the way. represents an enormous power amout. 

c.d) whe n approaching ignition parameters, exceedingly expensive energy sto­

rage and enormous technical difficulties would be implied by the impulsive appli­

cati on both of several kV/cm electric fields for the purpose of Shock Heating 

(c EIBo > vAlfven) and a l so of Turbul ent Heating (c EIBo > Cs the sound speed) and 

of severa l 10 MA toro i dal currents for longitudinal Turbulent Heating. 

e) Electron Heat i ng above v _ 30 GHz i s drastically 1 imited by the fa ct that 

CW- power availab le from s i ng l e hf- units f all s be low a few kW as steepl y as V_~/2 

/ 12/. 
f) RES's can del i ver as ITllch as 10 5 J to a target but are very hard to be i n­

troduced in a l arge l ow- B t orus. 

The concept of heat i ng by a large popu l at i on of toro i dall y r unaway plasma e­

l ectrons is at present not enough assessed. 

2. RF-Heat ing Methods. 

t<ft.J-CW power is already available from single rf-units below::; 3 GHz. In this 

f requency range there ;s a large variety' both of waves which can exist in a magne­

tized pl asma and of methods to excite them for the purpose of pl asma heating up to 

therrronuclear temperatures. The useful frequency and 'l'lave length ranges, the corres ­

ponding heat ing process, and the available CH-power from a si ngle unit are given in 

t he following tab l e, where vti is the i on (deuteron) thermal speed, the subscript 

II refers to the Bo- lines of force, vc; i s the ion gyrofrequency. vpi is the ion 

Langmuir frequency, and v
LH 

;s the lower hybrid frequency. 

Frequen cy Wave l ength 

-------~--- --- -----~---- ---. 
150 kHz 2 km 

50-150 MHz 6-2 m 

400-600 MHz 75-50 cm 

1-3 GHz 30-10 cm 

Heating pro cess CW-rf powe r 

Transit Time Magnet ic Pumping 

!::~~ ~_~_:_~,j~~LL_ ~~_~,i ___ ____ _ 
Ion Cyclotron and Harmonic Ion 
Cyclotron Heating ( ICH) 

·v = nvci n ::: 1.2 
---------.-----------------------
Non-li near magnetoacousti c hea­
ting and Lower Hybr id Resonance 
Heatin g (LHR) when n < 2.10 13 

--------------------p---- --------
lHR-Heating v = VLH ~ vpi when 

n > 10 lli, B > 50 kG 
P - 0 
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The wave-particle resonance condition is fulfilled in the entire pl asma volume on­

ly in the TTW case. In the ICH case there ;s a resonant shell of thickness tJ.x 

6x 
RVti 

A//v 
(2) 

around the cylindrical surface v = n" (R) (n = 1.2 .... ). If 1nl> 2. ICH is inef­c 
ficient unless the EM-field be ampl i fied near the LHR surface /13/. Si nce 

(v /V )2 = n /10 5 82 ~ 1/3, this surface is pe ce p 

( 3) 

If 2 vc i «V, vpi(a) «"Pi (O}. non-linear heating may occur in the regions 

where the v = nVci Bernstein modes are excited parametrically by the magnetaacous­

tic wave /14/. These vario us processes will be discussed later in sane detail. 

In all cases the inte rnal energy E of the plasma, is governed by the 

transport equation /15/ 

(4 ) 

where r;s the pressure tensor, v the fluid ve l ocity and 1i the heat flow vector 

(viscosity has been neglected). The heating tirre TH " </(d</dt) should obviously 

be shorter than the energy loss tine "[E due to d;vq but longer than "[coll in order 

to preserve a quasi-thermal equi1ibrium:P ik = pOik In present day devices rH ~ 

~ 10 ms f while with reactor parameters "[H ~ 1 s. 

Perhaps the main technical constraint upon the appli cation of rf-heating in 

tor; is imposed by the presence of a metallic vacuum vessel wh i ch does not allow 

for rf-f i eld penetration and which gives also rise to significant rf-losses un­

less the rf-coupling structure be put inside the vac uum vess.el. 

The coupling stru cture has to consist of rf-co il s .if the vacuum wave length 

exceeds the radius of the liner P'o > 20 cm in present devices; >"0 > 1 m in the 

case of the reactor). In present devi.ces the vacuum charrber can be made sufficient­

ly rf-trans parent by us i ng either ; nsul at i n9 sectors or sone sped a 1 all-metal 

sectors cut parall el to the osci llat ing S-:-f i eld /16/. Then the coils can be located 

around the liner . In a reactor the choice of material for the firs t wall is domi­
nated by nEchanica l . therma l . and neutron;c considerat i ons and the coil!. which 

should be put inside the vacuum charmer, I!lJst be cooled. properly screen ed and in­

sulated /17/, and must be l ocated outside the diverted flu x surface. 
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The use of rf-coils could be avoided if the vacuum vessel itself could act 

as a wave cavity . As discussed bel ow this is an attractive possibility onl y for 

relatively small size devices but unfort unate ly not for larger ignition devi ces 

This conclusion concernes both the non-linear magnetoacoustic heating (Ao - 60 cm) 

and the lHR heating (Ao < 30 cm), the l atter requiring the presence of a slow wave 

structure Close to the plasma surface to make the plasma interior accessible t o 

the wave. 

3. Transit Time Magnetic Pumping 

By imposing w/k// ~ v
ti 

« v
A 

(the Al~ven speed) the rad i al wave number is 

imaginary (ki + kit '" 0). T~e radial attenuation is however i rrelevant if 21Ta/A//~ 
~ 1/2. Since, cl early, there is no propagation along Bo' the pump fi e ld can perlade 

the entire torus onl y if Nc rf-coi l s are distri buted around the torus (Nc = 
= 2~R/(A///2». The plasma rem~ins frozen to the oscillating li nes of force and 

heating i s produced only by the pressure term in Eq. (4) /18/. /19/. If vcoll ~ 
!: w b3 / 2 (b = B/Bo) collisions are sufficient to prevent local distorsions of the 

distribution function of resonant part; cl es /20/, /21/ . Then a mod.ulat i on rate 

b", 10- 2 is necessary to double T i in presen t devices /22/. whi l e b ~ 10-
3 

is e­

nough to achieve ignition in large dense plasma traps /5,23,24/ . In both cases 

the Ea field at the coils (radi us Rc) t urns out to be 100-150 V/cm /25/ 

(5) 

In rroderate scale devices where we want to put into the plasma only 100-200 kW 
neverthe l ess be as lar-additional power, the power of the TTMP osci l lator must 

ge as _ 10 MW because of the large rf-d i ss ipa t ion into rf-co ils and c0l1ducting 

walls. A much better efficiency can be achi eved in large dense pl asma devices whe­

re the ohm; c lass per co i 1 wi 11 be 1 ess than a few I~W for <._100 MW depos ; ted into 

the plasma. 
Unfortunately,strong plasma l osses were observed during the heating phase in 

the first TTMP exper i ment which was performed on the Proto-eleo Ste llarator /26/ . 

Iok)re recent works /27/, /28/ indicate that the pump out can be red uced substant i al­

l y by putting electrostatic screens around the rf-coi1s . The r eason i s the fol­

lowing . In the wa ve frarre, the electromagnetic part of the E vector i s transformed 

away, while its electrostatic part does remain. If the latter has a component nor­

mal to Bo ' the resonant part icles would experience a c EJ../Bo drift velocity ,wh i ch 

i s nearly constant within a bounce time of the particl e in the wave. The resul ting 

radial excursions may be large and may produce, by a random walk process, enhanced 
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neoclassical di f fusion. FortunatelY the selfconsistent electros tati c fie ld ensuring 

plasma charge neutrality is essentially along Ba. Usually, howeve r . an external e­

lectrostatic field is produced by any many-turn rf-coi l . Although evanescent in the 

plasma with a decay l ength of a few ion larJJX)r radii) this field can produce subs­
tantia l pump-out indeed /28/. 

Apparently, other negative by-products should not be expected; both the EXB 
drift velocity and the relative e-i velocity are much smaller than v

ti
' the TTHP 

JJX)dulation does not coupl e to low frequency drift - and trapped particle modes. 

Finally , although the frequency i s close to electron bounce frequency (k//v
ti 

< 
v 

< ~ (~)1/ 2 , q i s the safety factor) the fraction of trapped particles affected 
by this resonance i s small _ vbR7r. 

An ad hoc TTMP experiment (10 MW rf-power. 120 kHz, b ~ 3%) which hopefully 

wi ll settle the question of the pump-out observed on Proto-Cleo, is planned on the 

Petula Tokamak under construction at the Grenoble Laboratory /29/. Petula (Ip '" 

~ 100 kA , R = 72 cm , a = 16 cm, Ba ~ 15-25 kG) wi ll use a liner with A1 203 sections 

which all ows to study a number of rf-heatingson an ohmi c plasma wit h np '" 2.1011 , 

Ti '" 100 eV, TE ~ 3 ms. 

4. Ion Cyclotron Heating. 

A cycl otron wave with v ~ vci and m ~ 1 (m is the poloi dal angular wave number) 

can propagate around a torus and can, therefore I be excited by an rf-structure l o­

cal ized i n one single sect ion of the torus /30/. Plasma heati ng is produced by the 

j .t term of Eq. (4) because 1. // v and k.v = 0 for the cycl otron wave. Incouragi ng 

res ults have been obtained on moderately dense plasmas in Princeton /31/ and Kh ar­
kov 132/. 

Unfortun ate l y ,ICH becomes i neff i ci ent i n l arge den se plasmas because t he com­

ponent of the e lectric f i eld which rotates in the same sense as the ions, E; , i s 
strongl y screened by the plasma cur rents /24/: 

E;lEtot ~ kll vt ;l3wei (6) 

if w~i ~ kile' i.e. All ~ 2.10'/"'i> (7) 

On t he other hand , A// cannot be made arbitrarily smal l becau se d {the rf-coi l­

plasma distance} shoul d be ~ A///21i , otherwise the rf- field in cident on the pl as­

ma would be reduced by a factor "" exp(-21id/A//) . Hence condit i on (7) becomes 
"n d2. ~ 10 15 

P • 
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• 

The efficiency of ICH in a dense plasma can be increased substantially in a 

two-ion species mixture if /24/ . /25/ 

-2 

n"Res) < 10 (n + n ) 
1 2 

because then the E. component can penetrate more easily into the plasma (in a reac-
1 . . + 

tor plasma 3 ion species would be required I'dth H resonant). The Ea value at the 

coils is now comparable with the Ea value required for TTMP. for the same TH value. 

This method has not yet been tested. What has already been tested ;s the completely 
different (c011i 5;ona1) heating at 
(and cool) 50:50 HO mixture /33/. 

the \)2 = \) \) Buchsbaum frequency in a dense 
Cl C2 

5. Heating at the Harmonics of the Ion Gyrofreguency . 

The nature of the rf-heating processes which are possible when v~ i < \)2 < 

< vc;vce is dominated by the l'roperties of the fast magnetoacoustic wave propaga­

ting al lOOst perpendicular to Ba /13/. If the frequency is such that" ~ v pi(a) 

(np(a)< lO%np(O» cut off and resonance occur both at the very edge of the plasma 

radial profil e and the fast wave can t hen pervade the bulk of the plasma where the 

refractive index NJ..::' vp/vc; » 1. If v ::: ~ Vc; the ions experience in their own 

frame a wave with v = "ci rotating in the sense of thei r Larmor motion and such 

k.Lvt· 
that Ei ::. ~ Etot /24/. /25/. This Ei is much larger than that at v = vc; and 

w~i > kj/2 (Eq. (6». TH is comparable to that produced by TTMP. for the same 

f i e l d at the coils . Also in this case, the plasma being frozen to the 1 ines of for­

ce, heating ;s produced by the pressure term in Eq. (4). Incouraging results at 

low rf-power level have been obtained in straight geometry /34/ and in the ST-To­

kamak /31/. Unfortunately, the ions which are preferentially heated have now smal l 

parallel energy. They gain mainly perpendicular velocity and might escape from a 

toroidal configuration via banana orbits /7/. /35/. If v> 2 vc; the linear cyclo­

tron interaction becomes rapidly ineffective. This is a regrettable fact. for the 

vacuum wave len gth would now be reasonably consistent with the relevant dimension 

of the thernnnuc l ear system. In fact the distance from the plasma edge 

to the liner is d = 30 cm . So one could think to use some \-/ave guide to inject the 

rf-power di rectly into the liner and to employ the plasma-filTed vaculDIl vessel as a 

wave cav i ty . If np(a) ::. 5.10 12 cm J
• AO should somewhat excee d 50 cm. Inside the 

plasma the H1-field would be (very roughly) /13/: 
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(8) 

where A '" const and J o Bessel functi ons . 

" Cl ose to the l iner Ea would be 

EL ... J (k.La) 
e " All + k.Ld 'Jo(k.La) (9) 

The number of radial eigen modes withi n the plasma would then be 

n " r , 
( 10) 

whi ch can be of order 1 in present devi ces , but i s very l arge (0(10 2 » in therrro­

nuclear machines. Thus, on ly in the former case one can hope to amplify substan­
tially the EM-fi eld by making J (kola) = 0 /36/ . while in the l atter case one will 

; n pract; ce have E: .... E~/kJ..d . 0 

In both cases the amplitudes being too small for linear heati~g we must turn 

to non-linear effects. 
The el ectron drif\Ve l ocity cEr/Bo may eas il y exceed vt i (Er> 0 . 3 Ba Tr/'l) 

with reasonably small EO (!: 10 3 V/cm) only in presen t devices /37/. /38/. where 

turbul ent heating then occurs as a result of parametric mi croinstabilities (e.g . a 

transverse- current- plasma ins tab; 1 ity /391) . 

For an igniti on experiment one should fi nd waves wh i ch can be driven unstable 

pararnetricall y when cE/Bo « v
ti

. Following /14/ this i s the case of the short 

wave- l ength (k
e

"" co ) ion Bernstein modes if 

cE 
I ~ ciilf 

• 0 

(11) 

(AD i s the Debye l ength ). 

However. 1n the absence of eigenmode amp l ification, this would again impl y 

CE~/Bo > wcAOk...Ld "" O(v
ti

). which is l.ikely to be real ized in present day devices, 

6 . l ower- Hybrid Resonance Heating. 

If" ~ " p;(O), the lHR oc~urs l'Iell i nside the pl asma. Then the field amp li fi­

cation and the concomitant \-:ave conversion can be used to heat the plasma_ However. 

as the rf- power can reach the resonant she ll only through a zone of wave-evanescen­

ce (tunnel effe.ct). a prohibitively large vacuum field shou ld exist if subs tantial 
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heating has to be produced when v . » v . unless the field be amplified by the 
. . Pl Cl 

existence of eigenmodes in the core of the plasma. Large values of the Q factor 

(10 2-10 3 ) can be achieved in practice .only if the nr value ,Eq. (la), is reasona­

bly small, ; .e. if Aa ~ a which is the case of rroderate scale experiments /40/, 

/43/. In order that the wave power could reach the resonant shell from a region 

of propagation rather than evanescence, the wave number parallel to Bo must be such 

that /13/. /44/. /47/ 

(12 ) 

which means that the wave is radially evanescent in vacuum and in the outer layer 

af the plasma. If d is the distance between the slow wave structure and the plasma . 

the rf-field at the edge of the plasma will be attenuated by a factor _ 

- . ~-~JZ(vp/vce)Res'lc . On the other ha.nd the Er component is amplified in the 

Max ,r.( ) -' /' plasma by a factor N.L - 10 VI c/vti _ 300 T /47/ . In order to have a substan-

tial benefit from this aplification we have to assume a vacuum attenuation factor 

larger than ~ 1/30. Th; s fixes an upper 1 imit to the plasma densi ty at the LHR zone 

n < 1.3 (10")(B/d,),/l 
Res ( 13) 

In order to have nRes ~ 3.10 11 
I Bo - 50 kG. d must be smaller than 20 cm I Fortu­

nately; this slow wave structure could be only a few wavelenght long, thanks to the 

fact that the group velocity is nearly perpendicular to the phase veloc ity (which~ 

by the wayJis directed backward) so that the disturb propagates nearly parallel to 

Bo and may pervade a large portion of the torus . 

Also from the point of view of the natu re of the absorption meachanism there 

seems to be a substanda1 difference between present generation - and ignition 

LHR experiments. Non-linear heating should in fa ct be produced in the former case 

because cE/Bo easily exceeds vti /48/, /Sl/,wh ile linear harrronic cyclotron ab·­

sorption seems to be the only realistic possibility in the latter case. /47/. Whether 

this can produce enough heating or not) can only be decided on the basis of an eva-

luation which takes into account the relevant toro;dal aspects of the problem 

and/or on the basis of an expe ri mental determina tion of the scaling laws in tori. · 

A 100 kW-SOO MHz-LHR experiment is planned on the WEGA device /52/ as a part 

of the 

on the 

R : 72 

joint effort between the Grenoble. Garching •. and ERM-Brussels Laboratories 

problem of rf-heating. WEGA is a high current Stellarator ( I ~ 80 kA, 
. . p 

cm) a = 15 cm, Ba ~ 15 kG) Which i s des.igned to be· fle xib l e enough to study 
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1) the effects of various RF-heatings on toroidal conf i nement (np = 10 13 , Ti = 

= 100 eV, 'E ~ 2 ms). 2) to establish their scaling laws. and 3) to develop the 

necessary rf-heating t.echnology_ The lHR experiment will try to assess, in parti­

cul ar. the role of a SlOl-1 wave- launching structure. 

A large-power lHR-experiment i s also planned on the Alcator Tokamak /46/. 
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ABSTRACT: 

Scyl l ac research on 5-m and 8-m toroiclal sec tOtS, and the 5-meter linear theta­

pinch are discussed. In addition, we outline the plans for the full Scyllac torus, 

feedback stabilization, and a staged theta-pinch. 

I. INTRODUCTION 

Linear a-pinch experiments during the past decade and a half have demonstrated 

the production of hot, dense, stable plasmas. The limitation on the time of con­

finement of these plasmas has been end loss and not escape across the magnetic field 

by means of macro- or micro-instabilities. In view of t he end-loss containment 

limitation in linear systems the large aspect ratio toroidal a-pinch Scyllac is 

being constructed at Los Alamos . During the past two years "Scyllac" research has 

been divided among four major experimental efforts: 1) 5-meter (1,21 and 8-meter, 

1200 toroidal sectors; 2) a 5-meter linear theta pinch with strong magnetic mir-

3) studies of the L = 1,0 interference force and the MHO m = 1 instabil-rors[2,3]; 

ity with L D 1 and L : 0 fields on the 3-meter linear Scylla IV device[4}; and 4) 

1 instability[5]. the development of a feedback system for stabilizing the m -

The objective of these experiments, other than the linear Scyllac, has been to 

study various aspects of the equilibrium and stability of t he high~ a-pinch in 

toroidal geometry . 

In the ScyUac 

al drift force FR = 

l : 0 bumpy fields. 

sector, with a major radius R and plasma radius a, the toro id-

882a 2/4R is compensated by a combination of L = I helical and 
o 

The toroidal equilibrium [6,7,8] of this system and the sta-

bility [8,9,10,11] of a straight L = 1 or l - 0 plasma column have been treated in 

the MHO approximation. The l = 1 field is chosen because: 1) theory predicts a 

growth rate for the dominant k = 0, m = 1 mode which vanishes in leading order; 

and 2) in high B, high temperature theta pinches (5] only long wavelength, m = 1 

modes are observed experimentally. The L = 0 fields produce the asymmetry in the 

sum of the plasma excursions 6
1 

= Bt =1/8 ha(1-8/2) and 6 = -8t _
O

/28 (I-B) which 
o 0 2230 

is needed to produce the equilibrating force, Fl,O = 8(3-28) Boh a 616
0
/8 , where 

2n/h is the wavelength of the L = 1,0 fields. Equating the outward toroidal force 
2 

to the Pl,O force, gives the equilibrium condition 616
0 

"" 2/(3-28)h aR. In the 
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initial toroidal-sector experiments [1,2,] with the L·~ 1 helical field provided 

by capacitor-driven windings and the L = 0 field formed by rectangul ar grooves in 

the inner surface of the compression coil, the plasma was observed to take up a 

helical toroidal equilibrium for 4 to 8 ~sec in contrast to the case with no t I 

field where the plas ma accelerated immediately to the outer wall of the torus. 

Following the equilibrium period an ID :: 1, k::::;O sideward motion of the plasma col­

umn carried the plasma to the wall. Thus the plasma conf inement is terminated in 

6 to 10 ~sec by m - l,k = 0 transverse motion , whose characteristics were not dif­

ferentiated between instability and loss of equilibrium. These experiments veri­

fied the theoretical MHD equilibrium of the toroidal Scyllac sector. 

The experiments on both the 5-m toroidal sector (R = 2.4 m) Bnd the 5-m lin­

ear Scyllac have been completed . The Scyllac system is now being converted to its 

full toroidal configuration. Resul ts on the sector and on the Scylla IV-3 feed­

back experiment indicated the necessity of increaSing the Scyllac major diameter 

from 4.8 to 8. 0 m to decrease the growth rate of the m .,. I, k - 0 instability 

to accommodate the technical characteristics of the f eedback apparatus (cf. Sec. 

III below). The conversion of one-third of the torus to the l arger radius has 

been completed and experiments resumed in this sector with an B.4-m coil to study 

the plasma equilibrium and stability in the larger radius of curvature, prior to 

exper iments on the ful l torus. 

In present a-pinches, the plasmas occupy only a small fraction of the coil 

radius . Because of this it is anticipated that the m == I MHD instability driven 

by the helical fields which produce toroidal equil ibrium in Scyllac-type experi­

ments must be feedback stabilized . Theoretical studies indicate that with larger 

plasma radii (more implosion heating, less compression heating) t he feedback can 

be dispensed tdth in favor of stabilization by the conducting wall as in the 

staged a ?inch (12]. 

Experiments are beginning at LA5L to study implos ion heating and staging in 

theta pinches. Previous theta pinches have performed initial implosion heating 

of the ions and subsequent adiabatic compression with a single capacit or bank po­

wer supply . Projected theta-pinch feasibility experiments and fusion reactors 

will require separation of the two functions to achieve greater implosion heating 

and l ess adiabatic compression. One experiment will study the implosion-heating 

processes, and , a second will combine i mplosion heat ing with separate adiabat ic 

compression (staging). 

The objectives of the 5-m linear Scyllac were to study the effects of strong 

magnetic mirrors on the confinement and stability of a high B plasma and to pro­

vide scaling data on end l oss and electron temperature with plasma length. Resul t s 
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of experiments both with and without magnetic mirrors are r eported. 

n. EXPERIMENTS WITH L • 1.0 HELICAL EQUILIBRIA IN THE 5-m AND 8-m TOROlDAL 

SECTORS 

A. Experimental Arrangement. 

For the past two years. Scyllac has been assembled in a preliminary configur­

ation as a 5-meter long toroidal sector and a separate S-meter linear t heta pinch 

with strong mirrors as shown in the plan view of Fig . 1. The initial Scyllac 

toroidal sector [1.2J had a major radius 

of 237.5 cm. extended through an angle 

of 120 0 and had a coil arc length of 5 

m. Each meter section of the compression 

coil was driven by a 700-kJ capacitor , 

bank of 210 1.85~F. 60 kV capacitors. 

The experiments were performed with one­

half the bank charged to 45 and 50 kV to 

produce peak magnetic compression fields 

of 33 to 50 kG with risetimes of _ 4 

~sec. followed by crowbar red waveforms 

with L/R times of 250 ~sec . The com­

pression coil inner diameters were in 

the range of 14.4 to 20.5 cm and the in­

side diameter of the quartz discharge 

tube was 8.8 cm. A 50 kV. 0.9-kJ/m. 

Fig. 1. Plan view showing arrangement 
of Scyllac 5-m toroidal sector 
and 5-m linear thet a pinch. 

8-preionization bank. which produces a 400 kHz oscillating field. was used to pre-

ionize the initial deuterium gas fillings of 10 to 20 mTorr. In the initial ex­

periments the L = 1 fields were applied by means of capacitor driven. bifilar hel­

ical windings and the L - 0 fields were generated by annular grooves in t he inner 

surface of the compression coil. 

A second set of experiments was performed in shaped compression coils in which 

the flux surfaces of the L - 1 and L • 0 fields were machined into the inner surface 

of the main coils. The advantages of this L - 1.0 configuration are: (1) a con­

stant ratio of both the L • 1 and L - 0 fields to the main field in time; (2) an 

improvement in the uniformity of the L - 1 and L ~ 0 fields; and (3) a technical 

simplification of the generstion of the L - 1 and L - 0 fie lds. A disadvantage of 

this geometry is the fixed ratios of the L - 1 and L - 0 fields to the main toroid­

al field. Bo ' 

The new sector. which comprises one-third of the final Scyllac torus. has a 

larger major radius of 4.0 meters and a coil arc length of 8.4 meters; the t - 1.0 
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equilibrium fields are generated by the shaped inner surface of t he compression 

coil. The des i gn product of t hese fie l ds was determined t hr ough the sharp- boun­

dary equi librium relations [8J to give Bl~l Bl=O/B! = f(8,ha) haZ/R. A graph of 

the equilibrium field-product ratio , Bt =l Bt=O/B!, for 8 in the range of 0, 6 to 

0.9 is given in Fig . Z for plasma rad i i in the r ange of 0,6 to 1 . 0 cm. Equal 

magnitudes of Blml and 8£=0 were chosen; 

this prod uces a bumpiness 6
0 

of the plas­

ma co lumn which is small compared with 

the helical di sp l acements 6
1

, The ex­

perimental point s on Fig. Z show the 

agreement of the observed toroidal equi­

librium with sha rp boundary theory in 

t he 5-m sec t or. (Measured rad i i'" 0.7-

0.8 cm) . 

The designs of the s haped coils 

were determined by calculating the shape 

of the magnetic flux surfaces for the re­

quired vacuum fields from 

5/BO ... g (1 - !. cos 9) + V$ , (1) z R 

where 

Fig. 2. 

+ (Bv/Bo) r sin a + (B 1 , 2/Bo) sin (9 - 2hz). 

p 

Value~ of 8l =1 Bl=0/B02 pre­

dicted by sharp boundary 
t heory for plasma equili­
brium in the 5-ru toroidal 
sector. Expe5imental points 
(B 1"'1 B1=0/Bo '= _0.0064; 

B'= 0.85, a ~ 0.7 cm; B = 

0.84 , a '" 0.8 cm) are shown 
for 45 and 50 kV bank vol­
tages • 

(2) 

The small vertical fie ld Rv and B
1

,2 field are required for equi l ibrium according 

to t he sharp boundary theory . The ampl i tudes of these fie l ds are given by 

Bv B1 •2 B£=18£=0 
B - B 2 (3) 

o 0 4Bo 

The B1 ,2 field varies in space as sin (a-2hz), and prod uc~s a s mall el1ipt i city 

in the plasma cross section, in contrast t o the l = 1 field with sin (9-hz). 

Each wavelength , }. 1 0=41.9 cm, ot the 8-m sector was clivic''"!d into 330 steps with 

1.25 mmlstep and £l'uK surfaces calcul ated for ezch s t ep . A verrical field 

amplitude of BvlBo = 0.00168 , 44% l arger than the theocetica1 value , was used to 

give flux surfaces at the coil wall whi ch have circular cross sections for 
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simplicity of machining. This larger value of vertical field shifts the inner 

flux surfaoes inward in the horizontal plane and decreases their area. With this 

design the vacuum flux surfaces can be centered in the discharge tube by the add­

ition of a vertical field from driven windings. 

B.~. 

During the past year an extensive series of experiments on the Scyllac 5-m 

toroidal sector waa completed . These included nine variations of L K 0 and L = 1 

magnetic fields to provide toroidal equilibrium against the drift force FR. The 

value of the L = 1,0 equilibrium fields in the a-m sector experiment was sca l ed 

from the 5-m results. In both the 5-m and a-m experiments with deuterium filling 

pressures of 10 to 20 mTorr, the average plasma 8 on axis is 0.7 to 0.9~ the ion 

temperature 0.8 to 1.0 keY, and the plasma density 2 to 3 x 1016cm-3. 

The fo llowing measurements were made of the plasma properties: (1) three high­

speed streak cameras, viewing the plasma column side-on were used to record the 

transverse motions of the plasma column; (2) a coupled-cavi ty He-Ne laser inter­

ferometer was used to measure the time history of plasma electron density inte­

grated along a chord of the plasma cross section; (3) a magnetic loop and probe 

arrangement was used to measure the magnetic flux excluded by the plasma. Com­

bined with density profiles from the luminosity , t he excluded flux can be expressed 

in terms of the plasma 8 ; (4) a ten-channel, side-on luminOSity experiment was 

used to obtain the intensity profiles of the plasma column . These luminosity pro­

files. in conjunction with the coupled-cavity interferometer data, give absolute 

density profiles; and (5) scintillation and silver- foil activation counters were 

used to measure the neutron emission. 

1. Plasma Equilibrium and Stability. The streak photographs of Fig. 3A show 

the horizontal plasma motions in the 5-meter toroidal sector in the absence of 

1. .. 1 fields. The motion is a simple toroidal "drift" to the walls with no observ-

able effect induced by the presence of bumpy L o fields. In Fig. 3B the L = 1 

coils were exci ted to 56 kA. After remaining in equilibrium for 6 ~sec, the plasma 

begins to drift outward in both the land and groove regions and strikes the wall 

in the land region. The experiments .show the following: (1) the plasma column 

takes up an initial helical shift and comes into an equil~brium position which 

lasts 4 to 8 ~sec , in contrast to a complete absence of equilibrium without the 

L = I ,D fields; (2) as the plasma moves away from the equilibrium position, the 

motion in t he land and groove regions is usually s imilar. i.e., the column either 

moves radially outward or inward; (3) the motion of the plasma column develops 

largely in the horizontal plane of the torus rather than in random directions; and 
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(4) a few percent increase 

(or decrease) in the L - 1 

equilibrium f i eld causes the 

plasma column to move radi­

ally inward (or outward ) 

away fr om its equilibrium 

position in both land and 

groove r egions, 

In experiments on both 

the 5- m and a-m sectors with 

fixed L .. 1 and L la 0 

fields gener ated by tne 

L • 1, 0 shaped i nner surface 

of the toroidal coils , the 

pl asma equilibr ium was a­

chieved by adjusting the 

initial deuterium f ill i ng 

GROOVE 
(13-1) 

LAND 
03- 2) 

B (1945) 
I L_I ; 56 kA 

lE 
L 2,5fLsec~ 

P02; 15 mTorr i VpB "45 kV 

Fig. 3. St r eak photographs of the 5-m t or oidal 
secto r plasma showing horizontal moti on 
with and without L - 1 fiel ds . 

pressure to give a balance between the Fl,O and toroidal FR forces through their 

B dependence . The equilibrium and stability of the high- 6 plasma produced in t he 

shaped L - 1,0 coils have been s tudi ed in the tor oidal sector both with and with­

out addit i onal applied vertical fields (Bv - 100 to 600 G). The plasma confine­

ment is slightly improved when the vertical fie l d windings are excited to produce 

the theoretical ver tica l field amplitude of Eq. (3) , but i s not cri ti call y depen­

dent on the magnitude of the vertical field. This result indicates that f lux sur­

faces are not important in t he sec tor experiments since l a r ger values of the ver­

tical field s hi f t the vacuum flux surfaces at l east partially ou t of the discharge 

tube cr oss sec tion . However, flux s urfaces are l i kely to be important on the 

longer time scale of the full t or us. 

The s t reak photographs of Fig. 4 compare the plasma transverse motions in 

the 5-m and a- m sec t or s with shaped compression coil s . The general chara c teristics 

of the plasma moti ons are s imil ar to those observed with the L - 1 driven windings, 

except that t he l ong wavelength m = I motion tends to be somewhat more r andom in 

dir ection. As in the experiments with dr iven L - 1 windings, where a small change 

in the magnitude of the L ~ 1 fields moved the plasma from its equil ib rium posi­

tion , in t he shaped coil s with fixed L ~ 1, 0 field r atios a few percen t change in 

the deuterium filling pressure , with a corresponding change in plasma B. produces 

the same r esults . 
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The examination 

of many streak photo-

graphs shows that the 

plasma column remains 

in stable equilibrium 

Groove 

5 m 8 m 

for 7 to 10 llsec in Land 

the 8-m sector , com­

pared with 4 to 7 llsec 

in the 5-m experiment, 

at which times the on-

set of the terminating 

m- I s ideward motion 

occurs. The ratio of 

~12 llsec ~ 
(p ... 19 mTorr.B

o
",42 kG) 

Fig. 4. Streak photographs comparing plasma behavior 
in the 5-m and 8-m toroidal sector experiments. 

the onset times, Tos(Bm)/Tos(Sm) ~ I.S,can be compared with the Alfv~n times, TA 

(8m)/T
A

(5m) ~ 1.6, from the ends of the sectors to the center, and with the plasma 

end-loss times, T
p

(8m)/T
p

(5m) = 1.7. Thus, the onset-time scaling is in good 

agreement with the assumption that it is produced by end-effects. The plasma Is 

apparently stable until end effects propagate to the center of the sector. Assum­

ing that the motion which terminates the stable period is the instability predict-

ed by the theory. its measured growth rates are Yl (5m) 1.1 MRz and YI(8m) ~ 0.6 

MHz. Theory [8) gives the following dispersion r elation for the m - 1 mode: 

[_a2 (~ 4 + S(4-3S) (2-S) h2a2] S(4-3S) 
8 (I- a) 2(I-a) (2-a) v!h

2 (B~lr (4) 

where the alb term arises from wall stabilization and is small in the present ex­

periments, The calculated growth rates are LO MHz and 0,6 MHz for the 5-m and 

8-m experiments.respectively. Thus the terminating Yl'S scale between the 5-m and 

8-m experiments in good agreement with the theory. The scaling of the equilibrium 
2 2 

-field product (Bt _l Btao/Bo = f(S. ha) ha IR) from the 5-m to the 8-m experiment. 

given by sharp-boundary theorY,has also been confirmed by experiment. This is 

shown in Fig. 5 where the curves represent the 8-m equilibrium field ratio scaled 

theoretically from its value at 5 meters (Fig. 2). The measured 8-meter ratio is 

shown by the horizontal dashed line, and the two points give the limits of the 

meaaured values of S. 

2. Measurements of Plasma Parameters. Measurements have been made of the 

plasma radius as a function of time, determined by side-on luminosity profiles. 

and plasma excluded flux, determined by the balanced probe method, These data 
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have been combined to yield the plas­

ma beta as a function of time. These 

variables have been measured in posi­

tions of minimum and maximum plasma 

radius [land (L) and groove (G), re­

spectively ] in order to study the 

approach of the plasma co lumn to 

theoretically predicted transverse " 
(or toroidal) and axial equilibr ium. Fig. 5, 

According to sharp boundary (SS) 

theory , there exists for each plasma 

radius a unique value of beta for 

which toroidal equilibrium is possible. 

Figure 6 compares this predicted value 

of beta in a land for experiments J (Srn) 

and K(8m) (using the observed plasma ra-

dius) with the measured plasma beta on 

axis. Theory and experiment show excell­

ent agreement at later times. confirming 

t he streak photograph behavior (cf. Fig. 

4), but not at earlier times when axial 

pressure equilibrium between lands and 

grooves has not yet been achieved. 

A basic assumption of the SS theory 

i s axial pressure equi librium, i.e. 

nkT .. constant independent of length, 
2 

which requires BL/BG = (BG/B~) . This 

test has been applied to these data to 

study the approach to axial equilibrium. 

as shown in Fig. 7. 

netic field ratio is 
2 

sign ratio (BG/BL) 

(1 + Bt~O/Bo)2, and 

value of t\./BG as a 

The measured mag­

compared to the de-
2 

= (1 - Bl=O/Bo) 1 
also to the measured 

function of time . 

" 
OB 

M 

- ,. 
~ 
.02 • , , 
1 
r 
:= 0.8 

m" 

" 
0 .' 

, 
0 

Fig. 

"' " 
2 

Values of BLml Ht_O/Ho predict-

ed for plasma equilibrium in the 
toroidal sector, scaled from the 
S-m-sector equilibrium. Experi­
mental points are sho1i.'11 

6. 

• • 
Tlm. I ~uc I 

Comparison of predicted and 
measured beta on axis vs. 
time in a l and region from 
the S-m (top) and 8-m 
(bottom) toroidal sector ex­
periments. 

The plasma is seen to reach axial equilibrium in '" 4 ~sec in Exp. J (wavelength 
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33 cm) and _ 6 Ilsec in Exp. K (wave­

length = 42 cm), and the 6 variation 

with time is consistent with a transfer 

of energy density from grooves to lands 

during this period. 

Measurements of the plasma radius, 

beta, and magnetic field in the various 

experiments thus confirms in detail the 

stable toroidal equilibrium seen in the 

streak photographs during the first 

4-10 ~sec of the discharge . The ini­

tial absence of axial pressure equi­

librium does not appear to affect the 

experimental toroidal force balance. 

Ill. FEEDBACK STABILIZATION SYSTEM FOR 

THE SCYLLAC TORUS 

A. Feedback Considerations. 

An t = 0 MHD feedback stabiliza­

tion system has been developed for 

Scyllac to control the long wavelength 

m - I motion. The feedback control is 

implemented through the generation of 

small controllable t • 0 fields which 

interfere with the t = 1 equilibrium 

field to produce a perturbation FI,O 

feedback force. This is the same 

type of transverse body force that 

"'I~;:::;:,:=:":=;;:,;;-r---';--'--'--'-I 
I Seyl1ac up J-4~-51 

I~ 

~0.9 (Vac) dllivn 
(1-.0Srl (1 •. 08)1. 0 .726 

E~p(plasma ) 

o 

'" ~0.8 
.§0.7 

~n6 
w 

Cl> 

~O"--+-~'C--+'--~'--.'c--+'--~-.~' __ ~I __ ~T ;:; 23456 8910 
Time (,usec) 

I .II~;::::::,:=:":=;~;;-r--;--'--'--'--l 
I Sc~l1oc •• p 1<-45-81 

ID 
(Vac I dll i'iln 

J~ 0.9 
;; 

(1- .068)11 (1 •. 068)1. 0 .760 

. ,E." ( pialmo) 
.~ ......... a::: O.S 

£ 
~ 0.7 • i n6 
w n, 

o~~-~-~2-~,C-~4--;'-~6C-~7C--;,-~,C--!.,O 
Time (}-'sec) 

Fig. 7. Comparison of the measured ra­
tio of beta's in the land and 
groove regions wi th experimen­
tal and design ratios of t he 
magnetic field corresponding 
to axial pressure equilibrium. 
The upper curves are for the 
5-m and the lower curves for 
the 8-m experiment. 

provides the toroidal equi librium in the curved geometry and has heen previously 

s hown to exert the predicted force on a deliberately induced m- I instability 

in the linear Scylla IV-3 experiment [4J. Its magnitude per unit length is given 
2 2 3 

by s harp-boundary theory aa Fl 0 = (6 (3-26)/8] B h a 6
1

6 where 6 is the plasma 
, 000 

bumpiness produced by the t = 0 feedback fields. The destabilizlng force per unit 
2 2 

length due to the t - I fie l ds is PI = ITa PYlf;. where p is the plasma mass density 

on axis, and f; is the displacement from equilibrium. Equating these two forces 

and utilizing the approximate relations for 6
0 

and 61 gives the required feedback 

current to each t - 0 coil: 
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(5) 

where 6
0 

- hIFB/IO(l-S> Bof and f is a geometrical parameter of the L - 0 feedback 

coil. Computer modeling [14J indicates the additional constraint that the elec­

trical system delay T be less than l /y10 

B. Experimental Arrangement of the Feedback Stabilization System. 

In Scyllac both the L - 1 and t • 0 equilibrium fields are generated by the 

shaped inner surface of the main compression coil, while the t = 0 f eedback fields 

are generated by single-turn slotted coils inside the main coil as illustrated in 

Fig. 8. The feedback stabillzation system consists of many components. starting 

with plasma-position optical detectors, snd ending with power amplifier modules 

which drive the t - 0 coils. 

Experience with the feedback 

equipment has been gained on the 3-m 

Scylla IV device, with 10 modules in­

stalled to provide a feedback force 

in one coordinate. These modules 

were used in a test of their ability 

to handle an instability that was 

deliberately induced with L • 1 

fields. With BLml/Bo m 0.04. sn 

m- I instability growth rate of 

0.9 MHz was observed. The feed­

back system produced a 160 G field 

in the L - 0 coils, and with de­

layed turn-on times as great as 0.5 

~sec following the initiation of 

the discharge. the module output 
Fig. 8. Arrangement of the L - 0 feedback 

coils in the main Scyllac coil. 

was successful in overcoming the plasma 

motion to the wall. In Scyllac the feedback system will have a capability of 4.0 

kA (BL=O - 235 G) with a risetime of 0.9 ~sec. With the theoretically predicted 

growth rate in Scyllac of 0.6 MHz. the feedback should be able to control a plas­

ma displacement of 6 mm. 

IV. WALL STABILlZAIION AND STAGED THETA PINCHES 

Adopting the assumption that the m-I motion is indeed the HHD instability 

predicted on the Princeton-NYU ordering [9,10]. as indicated by Scylla IV- 3 ex­

periments [41. sharp-boundary theory gives the fo llowing dispersion relation: 
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2 _ h2 2[_ ~2 (.!) 4 62 + S(4-3B)(2-8) 
Y v A b 1 8 (1-B) (6) 

where sIb is the ratio of plasma and coil wall radii. The first term i s a wall 

stabilization term arising from the L - 1 dipole currents in the plasma, a8 ill­

ustrated in Fig. 9. This term appeau in all the theories, including thoae with 

diffuse plasma profiles, regardless 

of which expansion 1s used. Freid­

bers has also derived the first 

term usIng a simPle magnetostatic 

model [15] with l ine dipole cur­

rents . Tbe second and third terms 

are the destabl11zing terms aris­

ing from the J - 1 and L • 0 

fields. 

From Eq. (6) it follows that 

the m-I mode can be s tabilized 

by making the wall term dominate. 

that is by making ha and 6
0 

small. 

Pig. 9. Illustrating wall stab1l1zation by 
J. .. 1 fields iD a-pinches. 

However, the requirement for toroidal equilibrium. 

6 2 a 1 
1 - - 3-2e it h2a 26 (7) 

o 
must also be satisfied. It is not possible with present Scyllac values of alb to 

make both hs and 6
0 

small. keeping 61 _ .1. without requiring unacceptably large 

aspect ratios R/a. 

A second approach to make the wall term dominate is to make the ratio alb 

larger. Conventional . 8-pinches produce highly compressed plasmas with alb _ p.l. 

Because of this the dominant m .. I motion in Scyllac-type experiments must be 

feedback stabilized. Despite the fact that the m .. I mode is predicted to be onl~ 

weakly unstable for an 1. .. 1,0 system. the technological r equirements on the feed­

back system are quite demanding. As a result, it is important to make vall sta­

bilization effective. By cr eating a plasma with e"" 0.8. 61 "" 1. 6
0 

'" 0.1 and 

alb _ 0.3 to 0.5 it should be possible to vall stabilize the m .. 1 mode. 'Ibis 

will first be accomplished in linear_taged 9-pinch experiments and later in tor­

oidal experiments. The staging principle is illustrated in Fig. 10. 

The staged. a-pinch uses fast-implosion heating and subsequent slow compress­

ion from separate energy sources. In this arrangement the implosion heating can 



be increased with less subsequenr com­

pression heating to produce increased 

sIb ratios to satisfy the wall stabi­

liz8tion requirements. The staged 

experiments at LASL will involve con­

ventional filling densities and im­

plosion-heating electric fields Z i 
kV/cm at the inside of the tube. sub-

stantiall y larger than in the psst. 

In the staged experiments the implos­

ion-heated plasma will be further com­

pressed using an 800- kJ. 5D-kV capac­

itor bank. to demonstrate the staging 

process. The impl osion-hea ting com-

pression coil will have a length of 

4.5- m. a coil bore of 22.4- cm. and a 

discharge tube bore of 20 cm. The 

compress ion field will be variable 

,/" ~"""" 
-:+J- 'f 

-. 
Fig. 10. Principles of the staged 6_ 

pinch. 

between 10 to 20 kG with a crowbarred e- folding time of approximately 50 ~sec. 

The plasmas which will be produced in the staged a-pinch will be collisionless 

with ion temperatures in the range 1. 3 to 2.5 keV and compressed plasma densities 

i n the range 0.2 to 0.8 x 1016 cm- 3• From Eq. (6), wall stabilization of the 

1 _ 1 driven , m • I mode should occur provided the ratio of the plasma radius to 

coil radius has a value given by: 

4 

(% ) > 
(4-3S) (,-S) 

(l-S) 
(8) 

For plasma parameters: a a 3 cm, 61 - 1.0, B - 0.8. and ha - 0.13. Eq. (8) gives 

alb - 0.4. In the wall stabilizstion exper iments on the linear 4.5-m a pinch. 

sn 1 - 1 helical field will be superimposed on the axial fie ld to drive an m-I 

instability. With the larger alb ratiOS, wall stabilization of the mode can be 

studied in detail. The staged e pinch is particularly suited for these experi­

ments s ince the implosion and compression phases of the heating can be varied in­

dependently t o pr oduce various a lb ratios. 

VI. EXPERIMENTS WITH THE 5-METER LINEAR SCYLLAC THETA PINCH 

A. Experimental Arrangement. 

The linear Scyllac experiment was a five-meter-long, straight theta pinch 
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which used 5 of the 15 Scyllac capacitor racks to supply energy to the main com­

pression coil. Two additional capacitor racks with a separate trigger system 

energized the l6-cm-long mirror coils. The inside diameter of both the main and 

mirror coils was 11 cm, and the quartz discharge tube had an inside diameter of 

8.8 cm. The main bank was operated at 45 kV and the mirror bank at 40 and 45 kV. 

The magnetic field waveforms are shown in Fig. 11. 

B. Results Without Magnetic 
Mirrors. 

With an initial filling pres­

sure of lo-mTorr D
2

• the plasma 

had a measured density profile 

which was approximately Gaussian 

with an inflection-point radius 

of 0.8-1.0 cm, a peak density of 

1.5-2.0 x 1016/cm3, and an ion 

temperature (as indicated by neu­

tron yields) of 2.5-3 keV. The 

plasma column exhibited the pre­

vioualy observed [13.16] "wobble" 

which usually began 4 to 5 ~sec 

after the initia tion of the main 

discharge. The top frame of Yig. 

12 shows streak camera photographs 

which "illustrate the plasma wobb l e. 

Fig. 11. 

.. , .. .. u av 
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• • Time ( ...... ) 

B waveforms for main and mirror 
fields of the 5-m linear theta­
pinch experiment. 

The time for propagation of an A1fv~n wave from the ends of the coil, using the 

peak magnetic field and the plasma density on axis, is about 4 ~sec. The wobble 

is probably related to the shorting out of the electric fields in the plasma and 

the transfer of the diamagnetic current from the electrons to the ions [13,17]. 

The maximum amplitude of the wobble was about 1. 5 cm from the discharge tube axis 

and the average value 0.5 to 1.0 cm. Stereoscopic views of the plasma column 

' showed that the ·wobble was an m ~ 1 rotation with a frequency of about 300 kHz 

and an amplitude and phase which sometime varied along the coil axis. 

C. Stability With Applied Mirror Fields. 

The experiment was operated with mirror fields applied O. 0.2, 0.5, and 

1.0 ~aec after the main compression field. The addition of the mirror field pro­

duced an m - I,k = 0 instability. (See the center frame of Fig. 12). For the 

zero delay and 0.2 ~sec-delay cases this instability caused the plasma column to 
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strike t he discharge tube wall 5 to 8 ~sec 

after initiation of the pl asma dis charge. 

For the larger delays (0.5 and 1.0 ~sec) 

the movement of the pl asma col umn was less 

the pl asma column never striking the dis-

charge t ube wall before 15 ~sec and some­

times (par ticularly, with t he mirror bank 

operated at 40 kV) the pl asma column nev­

er struck the wall (bottom frame of Fig. 

12). A change in t he discharge t ube ge-

ometry which shortened the distance be-

tween the pl asma column and the discharge 

tube (measured along magnetic fiel d 

lines) increased the atability of the 

plasma column. This indicates that the 

difference in plasma behavior with dif­

feren t mirror field delays i s due to 

line-tying effects. With delayed appli­

cation of the mirror fields,line-tying 

has a chance to become effective before 

the mirror r atio becomes large. 

D. Plasma Confinement. 

\ " 

1 --

I ' t· ___ " 

t ~­
"t -

Withou t 
Mi rrors 

With 
Mirrors 

With 
Mirrors 

6to"l~sec 

Fig. 12. Streak photographs from 
the 5-m linear theta 
pinch showing a no-mirror 
case and two mirror cases. 

Plasma loss out the ends of the thlta-pinch was measured using end-on holo-

graphic interferogr ams [13] for the case of no applied mirror field and for the 

case of delayed appl ication (l.O . ~sec) of the mirror field and mirror bank opera­

tion at 40 kV. Results are shown in Fig. 13. The end-loss time with applied 

mirror fields is l8.9 . ~sec, while that without mirrors is 11.5 ~sec . These l oss 

rates were compared with two theoretical models, a computer simulation by W. P. 

Gul a [18] and an analytical model by J. P. Freidberg which extended the model of 

Morse [19J to diffuse plasma profiles. The two theoretical models are in agree­

ment and predict a loss rate of 16-18 ~sec without mirror fields and an increase 

of plasma confinement by about the mirror , ratiQ (2.5) when mirror fields are added. 

The predicted loss rates, as well as their ratio, are in considerable disagree­

ment with the experimental results. The experimental end l oss times, however, 

scale from previous experimental results on Scyll a IV-l [20J and Scylla IV-3 [13] 
1/2 

if it is assumed that the loss time varies as LITi where L is the length of 

the coil and Ti is the ion temperature. Table I compares observed end l oss times 



TABLE I 

END LOSS SCALING IN THETA PINCHES 

Length T1 
(m) 

(keV) 

Scylla IV-l 1 3.2 

Scylla IV-3 3 1.4 

Scyllac Linear 5 2.7 

in the three experiments without 

mirrors to the predicted values, 

normalized to the linear Scyllac 

data point. 

E. Plasma Elect ron Temper­

ature. 

n T observed T scaled 
~l016 cm-3) ~~sec2 (~sec) 

2.1 2.4 2.13 

3.2 10.1 9.67 

2.0 1l.5 11.50 

4.0 r ____ -,r-____ ,w~ilh~O~"~'~M~i'~'~~~.~--r_----_r--~ 

....... 10 mTOH equivalent -------------- ----

The electron temperature 0 

was meaaured by 90 0 Thomson 
o 

scattering at 6943A. The elec-

tron temperature a t peak field 

was 610 ± 110 eVe The experi­

mental value at peak field 

agrees well with the value 

('Y600 eV) predicted by the theo­

retical model of Morse [191 in 

whic h the el~ctron temperature 

is determined by the rel ative 

ratea at which energy is aupplied 

to t he electrons by collisions 

with the ions and is in turn 

l ost out the ends of t he main 

coil by electron thermal con­

duction . The t heory correctly 

predi c ted the observed el ectron 

tempera ture for Scylla IV-l 

[ 20 ) , Scyll a IV- 3 [21], and the 

Scyllac linear experiment as shown 

in Tabl e II . 

~ 1.0 

~ 0 .8 
z 

~ 

-2 

0.6 

0.41~0r-----*.----"~0----"~.----'20;l;_---'~2!;.'--' 
Time t~lecl 

4.0 r ______ r-____ -r~W~"~h~M~i,r'O~'~.----r_----_r--~ 

'.0 
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~ 

...... 10 mTorr equivalenl ------------ --------
T·18.9 ~ •• c 

W 
"0 
... 1.0 

f 0 .8 
• z 

0.6 

0.40!---"'--"'O"--;!"'---;2~0--'2f..,--' 
Time (~"C I 

Fig. 13. End loss in the 5- m linear exper­
iment with and without magnetic 
mirrors. 
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TABLE Il 

ELECTRON TEMPERATURE SCALING WITH PLAS~~ LENGTH 

Length (m) T observed (keV) T predicted (keV) 
e e 

Scylla IV-l 1 .33 .29 

scylla IV-3 3 .39 .43 

Scyllac Linear 5 .61 .53 
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Abstract: As a future fus i on reactor will require beta-values 

around 0.1 or higher, it is necessary to investigate the proper­

ties of high-beta plasmas. At present beta-values between 0.1 and 

1 and ion temperatures around 10 keV have been achieved with high­

b e ta experiments, but confinement time s are stil l much too low. 

In order to increase confinement times,a number of toroidal field 

configurations ?re being investigated: Screw-Pinch, Belt-Pinch, 

Reversed Pinch, and High-Beta Stellarator. Progress has been made 

in recent years and more is hoped f or in the future. High-beta 

experiments as well as l ow-beta experiments have still a long way 

to go for the fusion reactor . 

Introduction 

In this paper I shall give a short history of high-beta 

plasmas which wi ll essential l y take the form of a review of shock­

heated p inch experiments. Then I shall deal with the question 

whether there is a chance of high-beta plasma experiments leading 

eventually to a fusion reactor. At t he end of my talk I shall try 

to give a survey of the present state of high-beta plasma ex­

periments, compare these with present low-beta experiments, and 

give some idea o f p l anned experiments o r experiments already 

under way in different laboratories. It should be noted that it 

has n ot been possible to take into account a ll the results re­

ported in papers to be presented at this conference. Thus the 

state of high-beta plasma physics as described in this paper may 

not be quite correct and complete and the results cited may not re­

flect the exact merits of the respective laboratories or scientists. 

In this paper the quantity beta is the ratio of plasma pres­

sure to overall pressure, whi l e the term "high beta" is used for 
beta in the range between 0.1 and 1. 
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Short History o f High-Beta Experiments 

As you a ll well know, the precursor of present-day high-beta 

experiments has been the z-pinch, the theta-pinch, and combinations 

thereof, for example the screw-pinch. The z-pinch was the first 

to be examined both linearly and toroidally but it had to be dis­

carded because of the poor stability characteristics even in the 

so called stabilized versions with superposed longitudinal mag-

netic field . Recently the Los Alamos group has revived the fast 
z-p1nch with encouraging results as we have heard fram Dr. Quinn the 
day before yesterday. And there is the Plasma Focus, of course, with 
quite few contributions to this Conference. 

The next to follow were linear theta-pinches of the Thetatron, 

Scylla, and Isar family as well as low-density shock-heating ex­

periments performed, for example, at Maryland, JUllch, and Garching. 

These experiments showed that it is possible to reach the neces­

sary fusion temperatures of between 10 and 20 kev with at least 

marginally stable plasmas. The remaining problem seemed to be the 

confinement time, because these linear experiments are subject to 

end losses. In principle, it should be possible to use a linear 

theta-pinch to build a pulsed fusion reactor, but the necessary 

length of several kilometers does not make it very attractive / 1/. 

proposed remedies such as mirrors or "rough ends" do not seem to 

increase the confinement time by more than a factor of three or 

at most an order of magnitude. 

End problems cou ld be avoided by bending the linear theta­

pinch into a torus, but then the well-known toroidal drift occurs, 

thus limiting the confinement time to even smaller values. To 

overcome toroidal drift, several proposals have been made over 

the years. One of the first had been the M&S-configuration by F. 

Meyer and H.U.Schmidt in 1958/2/, characterized by a corrugated 

surface on the side towards the major axis. Theory and experiments 

showed that the toroidal drift could be overcome, but at the same 

time a fast - growing m=l mode was found with litt le chance of wall 

stabilization . 
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More recently Blank, Grad, and Weitzner showed in 1968 /3/ that 

high-beta equilibria should be possible with magnetic fields of 

the stellarator type. The similarity of the field structure to the 

we ll-known Stellarator of low beta led to the somewhat misleading 

name "high-beta Stellarator". Equilibria of the high-beta Stella­

rator type might be characterized as an extended class of M&S equi­

libria with, in general, no plane of symmetry and with a non-co­

planar magnetic axis. The rotational transform does not play the 

dominating role as in the real Stellarator concept and pfirsch­

Schlilter diffusion is less important . 

The equilibrium and stability of this c l ass of configurations 

were investigated later on by theoreticians of the New York Uni­

versity group, and at Princeton, Los Alamos and Garching. It was 

found that the high-beta Stellarator with an £=1 distortion in 

leading order and admixtures of e=2 and/o r £=0 should be favourable 

with respect to both equilibrium and stability. 

The high-beta Stellarator concept is being intensively studied 

at Los Alamos and Garching. There are several contributions to this 

conference which show that progress has been made in recent years 

towards a better understanding of the pehaviour of plasma in dif­

ferent field configurations, both linear and toroidal. The confine­

ment time has been increased relative to t he toroidal drift time. 

There are other configurations that have been investigated in 

recent years which can be characterized as being combinations of the 

z-pinch and theta-pinch, for example the screw-pinch, the belt­

pinch,the reversed pinch with field programming. The screw-pinch 

turned out to be in equilibrium as theoretically predicted, but in 

order to achieve equilibrium not too far from the outer wall, the 

toroidal current had to be above the Kruskal-Shafranov limit and 

the pinch thus tended to be unstable. 

The belt-pinch is a screw-pinch with non-circular cross-sect ion, 

namely an elliptical cross-section where the major axis is parallel 

to the major axis of the torus. In the belt-pinch configuration, 

equilibrium can be achieved with toroidal currents below the Kruskal­

Shafranov limit even for high beta-values. Accordingly the belt-pinch 

111 



turned out to be unusually stable and could be observed for approx. 
100ftB at t emperatures around 10eV. On the other hand Krause. Wil­
helm, and Zwicker /4/ have presented a paper the day before yester­
day, showing that the belt-pinch becomes unstable, as expected, when 
the Kruekal-Shafranov limit is exceeded. In a paper discussing the 
reactor aspects of the belt-pinch, Herold , Wilhelm, and Zwicker /5/ 
pOinted out yesterday t hat the belt-pinch might be a configuration 
Buitable for a pulsed reactor with a magnetic field produced by no~ 

mal conducting coils. The favourable power balance of the belt-pinch 
with respect to nuclear power production and ohmic losses in the con­
ductors is ultimately caused by the combination of high beta and toro­
idal fatness (small aspect ratio). 

It may happen eventually that a high- beta plasma cannot be fully 
stabilized with stationary fields or that it is not possible to reach 
a fully stable equilibrium. In this case dynamic stabilization or fe­
edback stabilizatlon might be necessary. Experiments using both methods 
are under way in several laboratories. These show that etabilization is 
possible in principle, but that both methods at present still seem to 
be costly and might render a fusion reactor uneconomic. 

High Beta and the Fusion Reactor 

Before we go any further, let me first say something about 

the relation between high beta and shock heating. The fact that 

present-day high- beta experiments near ly without exception use 

shock h eating as an effective heating meth od does not necessar ily 

mean that the fusion reactor will also need shock heating. 

In aiming at a fusion reactor with as h igh a beta as possible, 

it is mandatory to investigate configurations with high-beta plas­

mas even if t he means used to produce them should not be feasib le 

in a fusion reactor. I t might well turn out that other heating 

methods (for example ohmic heating, magnet ic pumping, neutral in­

jection , laser produced or heated plasmas) will have t o be used in 

a fusi o n r.eactor , but these other heating methods are not yet 

sufficiently well developed t o heat a high-beta plasma to near 

fusion temperatures. 
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current toroidal experiments may be assigned to one of the follow­

ing four configurations: 

axisyrnmetric non-axisyrnmetric 

(Toroidal current (Toroidal current 
necessary) not necessary) 

Low Beta Tokamak Low-Beta Stellarator 

Screw-Pinch 

High Beta Belt Pinch High-Beta Stellarator 

programmed Pinch 

As a toroidal current is necessary for the axisymmetric con­

figurations,a fusion reactor based on one of these configurations 

will inevitably be a pulsed one, while the Stellarator configu­

rations could be stationary, at least in principle. The term "low 

beta" in the above tab le is used in the sense that the configura­

tions Tokamak and l ow-beta Stellarator have a theoretical upper 

limit ~critical of a few per cent. This is true at least of a Toka­

mak with circular cross section, and it is true of the low-beta 

Stellarator as long as pfirsch-schlilter cur r e n ts are essential. The 

limits between l ow beta and high beta mi ght vanish for Tokamaks 

with non-circular cross-sections and for c lassical Stellarators 

with admixtures of " helical fields of adjacent e-numbers. 

While a fusion reactor of the Tokamak, Screw-Pinch (Belt-Pinch, 

programmed " pinch) or low-beta Stellarator type would most probably 

have a small aspect ratio (major radius divided by minor radius) , 

the high-beta Stellarator would most probably have a large aspect 

ratio of 100 or higher for theoretical reasons (equilibrium, sta­

bi lity) • 
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In the last decade, there have been many discussions on the 

probability of present-day high-beta plasma experiments eventually 

leading to a fusion reactor. The prevailing opinion about fusion 

reactors assumed that only ~machines with small aspect ratio would 

be favourable with respect to investment costs. This would include 

the screw-pinch and its derivatives. 

Mai nly economic reasons have led to the general conclus ion 

that stationary fusion reactors with aspect ratios of as high as 

one hundred or more, seemingly necessary for the high-beta Stel la­

rator, have little chance if the total output is to be below 20 GW, 

a limiting value which is prescribed by network and environmental 

restriotions. At this conferenoe, Kaufmann and Koppendorfer /6/ have 
Bhown yesterday that reactors are not limited to low aspect ratios, 
because cost optimization does not necessarily require that the 
plasma radius b. approximately equal to the blanket thickness if plas­
ma phySical requirements put certain rest riot ions on the aspect ra­
tio and beta. 

As l on g as superconductor costs are a considerable fraction 

of the total boi ler costs , stationary high -beta reactors with as­

pect ratios of one hundred can readily compete with fat low-beta 

Stellarators and Tokamaks. This is mainly due to the fact that the 

magnetic fi e ld necessary for a high-beta Stellarator is much lower 

than that for a low-beta Stellarator or even a Tokamak. 

Another point worth mentioning is t hat a h i g11-beta Stellarator 

fusion reactor is not necessarily a pulsed devi.ce. For the time 

being , shock heating is the only proven way of instantly pro-

viding a high-beta plasma. To reach the ignition point directly 

by shock heating, however, is a serious technical p roblem because 

the electric field has to be about 10 kV/cm. A more realistic start­

up procedure coul d be: shock heating up to 1 keV and an additional 

slow heating method, e.g. neutral injection. The start-up problems 

may be further eased by starting with r educed densities. After 

start-up, the reactor could be stationary. 
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comparison of Low-Beta and High-Beta Experiments 

Let us now have a l ook at the gap that separates l ow-beta and 

high-beta devices from the fU5ion . reactor. Some quantities neces­

sary for a fusion reactor will be approximately as follows : 

Temper ature: 

Density times confinement time: 

Beta: 

10 to 20 keV 

1014to 1015 s/cm3 

0.05 to I 

Recent results with Tokamaks indicate that electron temperatu­
res of more than 1 keV can be reached, that the product density ti­
mes confinement time is higher than in any other configuration at 
confinement times of 10 .ms, but that beta-values of only 10-2 were 
attained. Experiments are under way to show that all three Talues can 
be imprOTed by, for example, using higher toroidal currents. 

Low-beta Stellarator experiments have reached the largest con­

finement times at relatively l ow densities and temperatures, and 

thus beta-values of only around 10-3 were attained . Experiments are 

under way to increase temperatures and densities at even l onger 

confinement times. 

Screw-pinch experiments with c ircular cross sections suffer 

from seemingly unavoidable instabilities, while the Belt-Pinch 

keeping within the Kruskal-Shafranov limit seems to be limited in 

confinement time by class ical diffusion only, the temperature not 

being higher than 10 eV at the moment. Experiments to attain higher 

temperatures are under way. The progr ammed pinch, too, seems to be 

limited at present by classical di f fusi on at relatively low tem­

peratures. 

As to the high-beta Stellarator, there is agreement that 

fusion temperatures can be reached in the same way as in the linear 

theta pinch, but this is not an urgent problem at the moment. The 

problem here is to show that at least one stable equilibrium con­

figuration exists or that the growth rate of instabilities is so 

low that feedback stabilization can be applied. 
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By way of summary, it can be stated that a ll configurations 

considered, low beta as well as high beta, are still far from a 

fusion reactor. It is not possible to say which configuration is 

closest to the fusion reactor because no simple common criterion 

is available. It might well be that the difficulties now encoun­

tered by high-beta experiments will hit low-beta experiments as 

well, o nly at a later stage - and vice versa. 

Present State and Prospects of High-Beta Experiments 

Let us now have a l ook at the present state and at the future 

of toroidal high-beta experiments in a se l ection of laboratories. 

The compact torus experiment TEE at JU l ich /7/, a high-beta 

Tokamak or a l ow-beta screw-pinch at beta-values between 0.02 and 

0.4, has shown instability at "q"-values below unity, as expected , 

but enhanced stability for q-values between 1 and 2. Operating at 

lower densities than most high-beta devices, this experiment should 

provide information on low compression ratio toroidal p l asmas and 

wall stabilization effects. Equilibrium is achieved by a variab l e 

transverse magnetic field and thus the broad p l asma column can be 

well separated from the wall. The plasma lifetime is l oO to 200 pS 

at temperatures around lOO eVe The l ifetime appears to be limited 

by a gradual drift of the equilibrium position towards the wall, 

which will hopefully be avoided by further improvements in the pro­

gramming of the field components. 

TWo compact screw-pinch experiments are being built in Jut­

phaas /8/, of which the l arger, SPICA, should be completed by now. 

Experiments in previous devices support the prospects for good 

stability when the security factor q is larger than 1. However, 

the beta-values were small, the temperature only around I eV and 

the plasma lifetime rather limited. 

The high-beta reversed field experiment at culham /91 has 

shown that apparent ly stable configurations with field programming 

can be attained at temperatures of about 20 ev, the confinement 

time being limited to 40 pS by field diffusion only. Recent ex­

periments at higher toroidal plasma currents near 100 kA have yiel­

ded higher e lectron temperatures of up to 50 eV, but then instabili­

ties devel oped and the confinement time was not enhanced, being no 
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longer limited by diffusion alone. It has thus still to be shown 

that the seemingly profitable characteristics of the reversed 

field configuration at re latively low temperatures can be repro­

duced at appreciably higher temperatures. Tomorrow there will be an 
invited paper by R.Bickerton on the topic of diffusion. 

resumed 

The heating of a z-pinch to high temperatures has been 

at Los Alamos /10/ and incorporated in a fast toroidal 

z-pinch. Kilovolt temperatures have been obtained and the question 

then arises whether or not the stability problem can be solved by 

field programming into a rever sed field pinch similar to the con­

figuration used at culham . Current experiments seem to be concerned 

with this question. 

Screw-pinch-like configurations with e lliptically stretched 

plasma cross-sections have recent l y been tested at Jillich in the 

TESI experiment 1 11/ and at Garching in Belt-pinch 1./12/ . 'rhe beta­

val ues were 0.1 and 0 . 5 respectively and the temperatures were 

around 10 eV, and thus the observation times of 40 and 100 ~s re­

spectively appear to be limited by classical field diffusion with­

out evidence of strong macroscopic instability. In order to reach 

higher temperatures and l onger confinement times, two l arger ex­

periments, TENQ in JUlich and Belt -P inch 11 in Garching, are 

being constructed and shoul d deliver results in 1974. In TENQ , 

plasmas with moderately stretched cross-sections will be studied , 

with particular emphasis on the effect of the detailed geometry of 

the cross-section on the plasma confinement behaviour. In Belt­

Pinch 11, on the other hand, strong elliptic ity is aimed at with 

ratios of 10 to 20. ~t should be possible to reach temperatures of 

around 1 keV, and confinement times 'of up to 1 ms are hoped for. 

The high-beta Stellarator concept has been pursued at Los 

Alamos by the Scyllac group and at Garching in the Isar T 1 ex­

periment. Both groups have canfied out experiments with e=l fields 

together with admixtures of e=2 and/or e=Q both in linear and 

toroidal geometry. There has been an invited paper by W.E.Quinn 
yesterday /13/ concerned especially with the Scyllac concept, and so 
I shall make only a few remarks on the results and plans of the Los 
Alamoe group. 
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In the 120 degree sector experiment with a length of 5 m 

and 8 m respectively at Los Alamos , the 1':=1/11:=0 fields were 
produced with shaped coils. 

It has been shown that an equilibrium is well established, and 

that the confinement time is up to 6 times the toroidal drift time 

at temperatures around 1 keV. Containment is terminated by an 

m=l motion of long wavelength (k~) to the wall. This is in agree­

ment with MED theory, but may just as well be caused by end effects. 

Feedback stabilization has not been tried on the sector experiment, 

but has been successfully used in a linear Scylla experiment. 

The 5m sector experiment had not been completed into a torus of 
the same radius; instead the Bm sector experiment was built and now 
a torus 4 m in radius is being constructed and should be completed 
in 1974. The Los Alamos group expects to have the 8 m sector in ope­
ration with feedback by September 1973. As wall stabilization cannot 
be investigated with Scyllac 8 staged linear experiment is under 
construction and should be completed in 1974. A staged toroidal ex­
periment is under discussion, its completion time is not known yet. 

The Isar Thigh-beta Stellarator at Garching is the first fully 
toroldal device of ita kind to be completed. Recent results will be 
given tomorrow afternoon under the subject headlng"stellarators" in 
a paper by FUnfer, Kaufmann, Lot., Neuhauser and Schremm /14/. It 
is shown that there exists at least an M&S-like equilibrium with 
an 1~1/1=2 field. Confinement times and instabilities are similar 
to those reported by the Los Alamos group, no higher ~modes have be­
en found, in contrast to MED theory. 

As mentioned ear lier, it should be possible by means of wall­

stabilization to avoid the m=l, k=O MED instability observed. It 

is, therefore, in discussion, to build at Garching a larger torus with 

a major radius of approximately B m, containing a shock-heated plas­

ma without adiabatic compression at a compression ratio near 2. 

The rise time of the magnetic field would be approximately 0.5 ps . 

In this larger experiment it should be possible to decide whether 

the dangerous m=l modes can be suppressed by wall stabilization. The 

power-croWbar bank or the iron-transformer circuit will be desiqned 

in such a way that 10 times the growth time for the m=l mode can be 

observed. In case wall stabilization works as it should, confinement 
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times at at least 50 ps at temperatures of about 1keV should be 
attainable in 1976. 
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SOME FEATUHES OF CURllENT AND FUTURIl EXPERIMENTS· 

Configuration Device T n~ 
'lj; p Problems Future 

eV em- s -
1 2 0 4 5 6 7 " 

Tokamaks 103 1014 10-2 10-2 Higher Temperatures Experiments 
Higher Densities under way in -
Long er Confinement various coun-

Times · tries 
Higher Betas 

- 102 1013 10-2 Higher Temperatures e~g ~ Gardhing: 
Low-Beta 10-3"Hi~er Densities Wendelstein 

N o Stellarators Longer Confinement 
, - TimesJ 

Higher Betas 

VII (1976) 

102 1014 10-4 
0.02 Higher Temperatures JU.l.ich. TEE 

Compact Torus Jiillchl to Higher Densities 
. TEE 0.4 Equilibrium 

Screw-Pinch J'utphaas • . 10 1016 10-5 10-2 Higher Betas J'utphaas. 
Screw-Pinch Krusksl-Shafranow SPICA (1973) 

Garch1ng. Limit 

Isar IV 

Programmed CUlham. 20 101b 4xlO-5 O~6 Higher Temperatures CUlham. HBTX 
Pinch HBTX Instabili ties Los Alamos: 

Fast z-Pinch 



SOME FEATURES OF CURRENT AND FUTURE EXPERIMENTS (continued)1 

-, " 
, ... " 0 ( 0 

101 5 10-4 
Higher Tempera- .ruli ch: TENG 

Belt""",inch JUlich: TESI 20 0.1 tures (1974) 
Garching: to Longer Confine- Garching: Belt-Pinch I 1 ment Times Belt-Pinch II - (1974) 

N 

103 1016 10-5 
Longer Confine - Los Alamos: 

High-Beta Lo s Alamos: "'I ment Times JLarger Scyllac 
3tellarator Scyllac lIl=l MilD Instab- (1974) 

Garching: ility ~taged Experiment 
Isar T 1 Wall Stabiliz - ~arching: 

ation ~fll-StabiliZed 
Feedback Stabil tellarator 

L i zation (1976) 
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EXPERIMENTS m THE CmFINEMENT OF COLLISI mAL 

PLASMAS IN MIRROR TRAPS 

Yu.T.Balborodov, Yu.V.Gott J M.S.loffe, B.I.Kanaev, 

E.E.Yushmanov 

I.V.Kurchatov I nstitute of Atomic Energy,Moacow,USSR 

Introduction. A few experiments have been carried out recently 
to investigate the stability and containment of hot-ion mirror plasma 
in the collisionsl regime. ~ the collisionsl regime is meant one in 
which the plasma losses are caused mainly by the ion Coulomb scatte­
ring, and not by other mechanisms Buch BS charge exchange or instabi­
lit ies, 

What is interesting in such regimes? It is well known that a num­

ber of kinetic instabilities can develop in a mirror plasma, They are 
associated with the angular distribution anisotropy of the confined 
particles, in other words, due to the presence of 1088 cones in the 
velocity space. Conditions for such a particular instability to be 
excited depend on the particles distribution inside the allowed vo­
lume in the velocity space; a statisticaly smoothed distribution fun­
ction provides more reliable stability. If plasma confinement is li­
mited by the ion Coulomb scattering the smoothed distribution is es­
tablished automatically due to the same Coulomb collisions, and ta~ 
kes the form of the so-called equilibrium-collisional distribution. 
It is just this form that it should take for a steady-state therm~ 

nuclear mirror plasma. That ie why it is more preferable to study 
plasma stability in the collisionsl regimes. When there are no in­
stabilities these regimes provide a proper model of a thermonuclear 
plasma with respect to such important characteristics as the equi­
librium relationship between the ion and electron temperatures, ~ 
bipolar potential, Coulomb losses and others. Therefore, investi~ 
gatioDs of a collisionsl plasma, even if its density and temperatu-
re are relatively low, permit us to elucidate the principal physi-
cal problems of the behaviour of a hot and dense plasma. 

In our paper, we shall consider the experimental results obta~ 
ined with the PR-6 and PR-7 devices a 't the I~V.Kurchatov Institu­

te /1,2/. They will be compared with the results obtained from two 
similar experiments with 2xII /3/ at Livermore and DECA II /4/ in 
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Fontenay-aux-Roses. The main data on these installations and plasma 
parameters are listed in the following table. 

PR-6 PR-7 2xII DECA II 

Central magnetic field (KG) 5.0 5'.0 6.5 3.5 
Longitudinal mirror ratio 

RII 2.4 2.0 2~0 1 ~8 

Distanoe between mir-
ros (cm) lOO lOO lOO 130 
Multipole stabilizing fi-
eld 6 4 4 4 
Transversal mirror ratioR~ 
(in the central plane) 1.75 1.25 2.21 1.05 
Plasma diameter (cm) 10 7 12 9 
Maximum plasma deDsitl3 

(cm ) 3.1012 5.1012 6.1013 1.21012 

Mean ion energy Ei(keV) 6.1~.J 0.4 1-10 0.2 
Electron temperature (eV) 5-15 15 80-250 

W:,/w'A.. (n-1012cmiJ) 
I. 800 800 900 1500 

In all four oases, the pulsed injection technique was used 
therefore, all the results refer to decaying plssm8s. 

PR- 6 and PR-7 Experiments. Reproducible regimes of stable pla­
sma containment for ·n;S10"cm- Jand Ei~ 1.0keV have been aohieved 
in the earlier PR-6 experiments /5/; the confinement time was 10-
2Omsec. depending on the charge exchange losses. As the densities 
are an ord~r of magnitude greater (ns 2_J.1012, Ei = 0.25keV ) new 
features in plasma behavior are revealed. The main features are aa 
tollows. 

1. Three decay phases were observed from the density history 
10 a decay cycle (Pig~ 18). During the first 150-200~seo the den­
sity decreases with a characteristic time of 250~seo.approaching 
~ 1012cm-J • Then a more rapid decay with a characteristic time 

o~ 100 ".u.aec. is observed. At the wd of this phase the plasma den­
sity fal18 to ::=" 1011 cm-J • Following that the plasma again decays 
slower, and smoothly passes into the charge exchange phase with the 

time,.... 10-3sec. 
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2. Those three decay phases can be distinguished by the level of 
plasma HP noise (Fig.1b). During the first phase the intensity of os­

cillations is small, the Rmplitude being 
#v O.1v at the plasma periphery. The se­

cond phase is accompanied by a burst of 
considerable stronger oscillations, their 
amplitude being 1 Qv and even higher at a 
burst maximum. The third phase is charac­
terized by a gradual damping ot the 08-

Itillations. 
3. The plasma potential", varies qua­

litatively in a similar fashion to the 
intonsity of HP (Fig.'c). In the begiR­
ning of the first phase its typical va­
lue was 15 - 25v. After a slight incre­
ase in the potential during this sta-
ge it grows rapidly together with the 
oscillation burst. At a burst maximum ~ 
can reach 150 - 200v - this magnitude is 
close to Ti / e• Then it decreases monoto­

nic811y up to 15 - 2Ov. 
4. The behaviour of the temperatu­

re Te 1s similar to that of the plasma 
potential during the entire decay cycle. 
Numerically it remains approximately 
equal to ('1 - 1/4 Y£Ij. 

5', Variations in the initial ion te-
mperature Ti do not change qualitively 
the pattorn of the decay desoribed while 
they result in certain quantitative va-

Time scale 50l"secjd(v. 

Flg~ 1 

riations, As Ti increases: a) the characteristic density decay time 
at the beginning ~ also ihcreasesf b) the duration of the first 
phase decreases; c) oscillations grow more rapidly and up to higher 
amplitudes; d) the plasma potential during a burst also increases 

to higber values (F1g~2). 

It follows from the above results that 8 certain instability is 
very likely to appear in the plasma during the decay. Before proce­
eding to a more detailed analysis of these results it would be quite 
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reasonable to put a 
question: if these 
re sults do really re-
flect any general 
properties of mirror 
p1asmss or they could 
depend mostly on in­
dividual "properties" 
of the experimental 
device as it often 
happens in plasma in­
vestigations. In this 
case we should prima­
rily emphasize such 
properties as a pos­
sible specific chara-

'0' 

,<, 
Sui. 
s.fJ,,~;. -' • .. 

Fig. 2 

cter of the ion distribution function of the injected plasma, magne­
tic field configuration, vacuum conditions. 

In this connection let us draw our attention to the increasing de­
lay of an instability burst as the ion temperature decreases. Thus, 
at Ti~50eT the instability appears in 350-400 s ec. after injection. 
This time interval ls five times greater than the time of ion Bcat~ 
tering into the 106S cone at a density of 1012cm-3• In this case the 
collisions have sufficient time to level all rough features in the 
initial distribution, and make it approach the equilibrium-collisio­
ns! distribution. If, nevertheless, an instability appears so late 
it can in no way be attributed to the biography of the ion distribu­
tion function at the instant of injection. 

To find out pOB8ib!~ effects of the magnetic configuration, the 
experiments with PR-1 similar to those with PR-6 have been carried 
out .. Both devices are identical in all respects with the exeption 
that the stabilizing field ie hexapole in PR~6 while it is quadrupo~ 
le in PR-7. This difference influences both the injection conditione 
and the spatial distribution of a confined plasma. In both devices, 
a hot-ion plasma was generated by ion-cyclotron heating of a cold 
plasma jet passed along the trap axis, Injeotion from an intense 
beam-plasma discharge has been also tried in the last runs on the 
PR-7. The results obtained with the PR~7 are shown in Fig,3. It is 

seen that the decay pattern is similar to that of PR-6. The micro-
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wave interferogram indicates a sharp 
increase in the plasma loss rate at­
ter an initial phase of slow decay. 
Such an inorease is accompanied by a 
rapidly growing plasma potential and HP 
intensity. The PR-7 trequency spect~ 
rum is also similar to that ot the PR-6. 

The only differenoe is that the decay 
anomalies in the PR-1 manifes"t: themsel­
ves in a more pronounoed fo~ 

The vaouum oondi tions really ex­
ert strong influenoe on the entire de­
oay prooess. ~~ the pressure of neutral 
gas is increased the inetabll1 ty la 

gradually smoothed, and it the pressure 
is "suffioiently high ~ of the order ot 
10~ . torr. ~ it disappears oompletely. 
Here, we do not mean the base pressure, 
but the pressure stated after injeotion. 
The latter depends on the amount of des­
orbed gas f~om the walls under plasma 

Time scale 25J"sec/di~ 

bombardment. Therefore, if the Chamber walls are outgassed insuffioi­
ently the instability can be part~y or even oompletely suppresed. .. 
an illustration Fig. 4 present. the oBo1llogramo of net) and HP iD-

Time scale 251 ,,,ec/dt'< 

1'1g. 4. 
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tens1ty for two cases which differ only by a degree of wall out­

gassing. 

Thus. all the above data indicate that anomaluos plasma decay 
both in the PR-6 and PR-1 is attributed to the inherent plasma pra. 
perties but not to any particular features of the experimental 
conditions. 

Let us no\, consider the above results. As to the initial decay 
phase it seemB to be quite explainable by the classical mechanism of 
COulomb collisions. Really. within a factor of 1.5-2.0 the experimen­
tally observed lose rate agrees with the calculated values. and what 
is still more illuatrative . it deoreases with the ion temperature aa 
it should be due to Coulomb loeses through the mirrors. The relation 

b etlieen the electron and ion temperatures in this phase also agreee 
with the collisionsl model. 

The second phase Is of the moat interest. Spontaneous exitati­
on of an intense oscillation burst aooompanied by inoreased loaaes 
obviously shows that during a decay oycle the plasma passes from a 
relatively stable state into a strongly unstable. Two questions aho­
uld be answered here. What kind of instability we are dealing with? 
and why does this instability excite only in 8 certain time interTal 
after injection though it should apparently exist in 8 rather weak 
fom in the very beginning of the decay? 

Measurements of the frequency spectra and wave structure ot the 
oscillations supply a partial answer to the first question. During 
the instability burst the dominating frequency uu is 0.1 ~.~ 
~,~ - the ion - cyclotron frequency at the trap centre). An appre­

ciable amount of the second harmonics - 2 W - is also present. and 
by the end of the burst the fracturel harmonics (1/2 W. 1/3 W and 
other) appear. The characteristic wave lengths in the trasverse di­
rection (~B) are comparable with the ion Larmor radius! k~f~ -4-5. 
while the wavee are strongly elongated in the longitudinal direc­
tion: ~II« k.~ • These data even taken alone limit the possible 
choiee among various kinds of instabilities known theoreticaly: the 
drift loee-cone mode near its excitation threshold could best cor­
respond them / 6 / • Although the plasma density gradients in the ini­

tial decay phase are much higher then theoretical threshold gradi­
ents for this instability. in our case its weak exoitation at that 
period may only imply that there should exist stabilizing factors 
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which were not taken into ac count in the initial theory. In particu­
lar, they include a stabilizing effect of a small amount of plasma 
(of the order of a few per cent) containing "warm" ions /7/11 Such 
ions can be produced by charge exchange and ionization of cold neu­
trals entering the plasma. No matter what are the stabilizing fac­
tors in practice, their presence is not doubtful because the oscil­
lation amplitude increases rather slowly during a major portion of 
the initial decay phase. 

Therefore, it now remains to answer the question: what makes 
the plasma"1eave" such a quasistable state? Supposing the ion dis~ 
tribution function to be responsible for the instability we should 
seek an answer in the fact that by the end of the first decay phase 
the distribution function is more nonequilibrium. Let us consider 
from this point of view the main experimental data and Borne resul­
ting consequences, grouping them as follows. 

, .• n, lis. lieen mentioned· abOTe tlist duriDg the initial decay pha.e 
'lIe rises slowly, and it grows rapidly when an instability burst occur. 
Without going into details concerning the initial increase in T., •• may 
empha.ize that the .ub.equent rapid growth i. associated with oloctron 
heating in the electric fields of the growing oscillations. 

2. Plasma potential ~ varies in the same manner BB Te since 
'1'= r Tr.. where t - the numerical factor ( r -3-4). 

3. Any L,creaee in the plasma potential is always followed by 
a deformation in the ion distribution function in its low energy 
range. This is due to the fact that 
an electric field Ell = -~~! {(c..J 

pushes out the iODs, thus weakening 
the confining action of the mirrors. 
As a result, the collisionsl distri­
bution ie ou.t off in energy E .... ,u~ft; E%_l 
as is shown in Fig'. 5. Such a deforma­

tion increasing with time BS Cf grows 
makes the distribution be still more 

EJ.--. e'l/(R-I} 

nonequilibrium. This, obviously. should F1g~ 5 
lead to increasing instability growth rate, i.e. to more intense 
oscillations. 

4~ The observations have really shown that in the entire cour­
se of the decay there is a complete correlation between the vari8~ 

tions of the potential Cf (the average time magnitude) and amplitu-
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de of HF oscillations U. From inspection of the data on numerous mea­
surments carried out in different modes of operation,U and ~ are .. ~ related by B sharp functional dependence of the form U~ e 

Taking into account the above facts we may picture the following 
sequence of the development of an instability burst. In the initial 
decay phase which ie characterized by a low oscillations level the 
electrons are heated slowly (the plasma potential grows slowly too) 
mainly due to Coulomb collisions with the ions. As the oscillation 
amplitude gradually grows their contribution to the electron heating 
becomes more appreciable, finally being the main item in the electron 
energy balance. Since that moment all four above factors are closed 
in a regenerative circuit: the oscillations increase Te' - this in-
crease in Te gives rise to an increase in Cf ,- the growth of l.f 
enhances the nonequilibrlum nature of the ion distribution function, -
the more nonequilibrium is the distribution, the more intense oscil­
lations Bre developed, - the latter give rise to a further increase 
in T , Bnd 80 on. Thus, a proceS6 of nonlinearselfenhancement of in~ 

e ~lO"'tI. .. 
stability is established. The instabilityVcan last until the o~cil-
lation amplitude is not limited by any new factors. 

This qualltative soheme has been suggested by E.B.Yushmanov, ~ 
one of the authors of the present paper. Quantitative calculations 
to support it are difficult since they are concerned essentially with 
nonlinear instability phenomena. In this sensa the scheme can be con­
sidered as a versimilar hypothesis. And as with all hypotheses it 
needs be experimentally proved. 

The major assumption here is that the primary factor giving rise 
to an instability burst is an increase in Te in the initial decay 
pha8e~ To be convinced of the validity of this assumption an expe­
riment has been carried out with additional electron heating by a 
ahort RP pulse at the instant before the burst appears. The idea 
of this experiment is quite evident. Such "artifioial" heating should 
give rise to a more intense excitation of instability if it ie rea­
ally aseocia~ed with an increase in the plasma potential, and as a 
consequenoe, with a displaoement of the low energy boundary in the 
ion distribution. The results are shown in Pig.G. The left osclll~ 
gram ls a natural oscillation burst; the right OSCillogram ~ a 
burst with additional RP heating which is applied at the instant 
marked by an arrow .. It is Been that the heating causes an enhanced 
instability 8B has been expected. This experiment will be considered 
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in more detail in paper 2.1.1. at this conference. Now I wish only 

Time scal@ 50 !,~@Cldi~ 

Fig. 6. 

to point out that the result obtained is quite a strong argument 
in support to the suggested scheme. 

In addition to other experimental data clarifying the nature of 
the instability let us consider the results of the preliminary PR-6 
experiments OD plasma stabilization by injecting a small amount of 
"warm" plasma. The experimental procedure is as follows. After injecn 

tioD and heating the plasma source is au­
tomatically operated so that a low-tempe­
rature plasma (Ti!::: 5-10ev) continued to 
be supplied to the trap Tolume. The warm 
plasma densities and injection duration 
could be varied in a wide range. The ef­
fect of suoh warm plasma on the instabi­
lity has been clearly observed. The re­
sults are presented in Fig.7 where the os­
cillations in the hot-ion decaying plas­
ma are shown for different intervals of 
injection of warm plasma. The duration is 
marked with a line below each oscillog­
ram (the upper oscillogram is presented 
without injection). At the beginning of 
decay the density of the warm plasma in 

the central region of the trap did not ex­
ceed 1~ of the hot plasma density. It is 
well soen that during the injection of the 
warm plasma the instability is not obeer-
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ved. However, as the injection is ceased the instability reappear 
again with the same time delay as before. In this cas~ the oscilla­
tion bursts were absolutely simultaneous with an increase in the 
plasma potential too. 

The experiments on injections of Itwarm" plasma are quite consis­
tent w1th the above ideas about spontaneous transition of plasma 
from a stable state into unstable. On the other hand, they are very 
intereBting and important Bince they have directly illuBtrated (so 
far only qualitatively) the validity of the Post's idea on Btabili­
zation of lOBs-cone modes by additional injections of small amounts 
of warm plaBma /7/. 

In summary, let us formulate the main conclusions from the PR-6 
and PR-7 expertmentB~ 

1. At sufficiently high densities when plasma losses are caused 
mainly by the Coulomb scattering the plasma containment can be vio­
lated by a spontaneously excited instability~ The wave oharacteris­
tics of this instability suggest that it bears a most resemblance t o 
the drift loss-cone mode. 

2. I t is an important feature of this instability that its inten­
sity strongly dependB on the plaema ambipolar potential. 

3. The electrons are heated in the HP electric fields of the un~ 
stable oscillations. This may put into action a certain mechanism 
of a nonlinear instability self-enhancement based on a regenerative 
coupling between Te and the oscillation intensity. 

4. The instability is suppressed when a relative small amount 
of warm plasma is introduced into the hot plasma. As regards its pos­
sible application in future, this stabilization ~ethod needs more 
comprehensive quantitative studies. 

5. It is worthy to emphasize the sensitivity of the instability 
to vacuum conditions. This B8ems to be related with the stabilizing 
action of plasma admixture produced in the trap itself due to char-
• .oc.tho.",c.. 
g~ana ionization of neutral gas. 

2xII and DECA 11 Experiments Plasma containment in 2xII was in­
vestigated, for plasma parameters: ~5 1013cm-3, Ei~1-10 key. The 
plasma was formed by trapping and adiabatic compressing of 8 plasma 
blob injected along the magnetic fied lines-. 

The plasma decay depends on the injection regime. Aa a rule, it 
proceeds q,uittly without indications of instability defined clearly. 
In Bome cases, however, "Plasma dwnpe ll are observed with considerable 
delay after injection 8S is shown in Fig.8a~ These dumps are always 
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accompani ed by. (a) an increased intensity of HP noise in the ion­
cyclotron frequency range, (b) an increase in light emission, (c) an 
increase of the relative number of high energy atoms in the charge 
exchange particles flux. The plasma dumps are similar in appearanoe 
to those observed in PR-b and PR-7. The authors associate them with 
Itdouble-humped" instability. This conclusion ie based on the fact 
that in these oases the ion energy 

"spectrum has ~vo or more 
ing oorrelated 
instants of the dumps~ 

msxima, be:" 
with the 

The energy distribution of qui­
escent plasma is single peaked . 
(Fig.8b) and no strong turbulence is 
observed. The meaaured life times 
at the very beginning of the decay Sa­
tisfactory agree with those calcula­
ted for Coulomb 10ss8s". In absolute 
values, t hey amount to a few hund­
red microseconds and differ from the 
cal culat ed values not more than by a 
factor of two. Further decay, howe­
ver, even in the best regimes, is in 

obvious disagreement with t he colli­
sional loss-rates. I nstead of being 
constant, n~ decreases by a bout a 
factor of ten as the density dimini~ 
shes from 2. 1013 to 2.1012cm-3• To 
explain such a disagreement the au~ 
thors have used t he Baldwin-Call en 
calculations on the ef fect of "COl­
lective" scatteri ng of ions by ~weak 

plasma oscillations related with 
the convective loss-cone mode insta-
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bility /8/ . Experimental r es ults obtained with 2x and 2xII do not 
contradict thes e oalculations. However. more def i nite oonclusions 
seems to be premature~ 

In DECA II the plasma density and mean i on ~nergy are practi-
. 12 - 3 cally the same as those in PR-6 . e . g . n.1. 10 am ,Ei~2008T. The 

plasma was injected by a thetatron gun and trapped by a rapidly 

132 



growing field of the entrance mirror. Using this injection technique, 
the ion angular distribution is found to concentrate near the 10BS­

cone angle ee • It undergoes transformation with time due to colli­
sions and takes eventually a form typical of mirror traps with a ma­
ximum at e _90'( e - is the angle between the magnetic field direc­
tion and ion velocity vector). 

The evolution of the angular and energy ion distributions, the 
density decay, variation of the ambipo1ar plasma potential and ani­
sotropy, and some other problems have been studied. Experimental da­
ta are oompared with numerical calculations mad. on the basis of the 
classical oollisions1 model, taking into aocount oooling of ione by 
electrons, ambipo1ar potential and charge exohange. Without going 
into details a quite resouable agreement between the experiment and 

o8lcul~tions may be ascertained. Por illustration, Fig.9 shows both 
the measured and calculated curves of the plasma density and poten­
tial variations. 

In oontrest to 2xII, charge ex­
ohange in DECA II makes an apprecia­
ble contribution to plasma losses ev­
en at the initial phase of the deoay, 
and at t3750)"sec it is the primary 
source of 108s8e. That is why the ma­
ximum life time does not exceed 450 
~sec (for n-l0llcm:'3). 

The authors point out that du:' 
ring the decay cycle some splashes of 
HP osci11ationa at the ion-cyclotron 
frequence and its harmonios are obser­
ved~ However, no correlations between 
these splashes and density fluctua­
tions or particle esoape through the 
mirrors were found, As we have already 
mentioned the absence of a marked in­

stability oou1d be caused by an appre­
oiable increase of the neutral gas pros-
sure after injection, 
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CON C 1 U S ION. In mirror oonfinement experiments, as well 
as those with other systems, one of the main diffioultie. lies in 
obtaj~ing the subject of investigation itself, that is, in production 
of a hot ion plasma which could represent the pbysical properties of 
B future thermonuclear plasma. The most important property I as a~ 

fd"'.f tk 
plied to a mirror plasma, is theYion velocity distribution funotion, 
sinoe it directly gareme the stability oonditions. 

As has been mentioned in Introduction the collisionsl distribu­
tion due to ion-ion and ion-electron collisions in a thermonuclear 
plasma should be established. I n this respect, the experimental 8tu~ 
dies ooaaidered in this paper are of interest just beoause they in­
vestigate the plasmas whose ion distribution functions are close to 
the coll1sional ones. In our opinion, the experiments are rather fru­
itful. They yeld new information about the plasma behaviour in most 
interesting reg1ms. Let uo list the main results. 

1. Experiments Oarried out in all four installations indicate 
the existence of macroscopically stable states of a collisicnsl plaa­
mat which can last at least for several hundrede of ~croBecond8. 
In those states, the plasma loss rate is defined by the olassical me~ 
chanism of Coulomb ion s cattering. The experiments include the ini­
tial densities ranged from 1013 to 1012cm-3 and ion temperatures from 
a few tens of electronvolts to a few kiloelectrouvolte e 

The.. experiment. are also of interest from the viewpOint that 
they did not support the initial pessimistiC theoretical predictions 
on destruct1Te actions of lOBs-cone instabilities, and on the plasma 
escape with a time of the order of the ion time of flight between 
the mirrora. 

2. The PR-6, PR-7 and 2XII experiments revealed a phenomenon of 
spontaneous transition of the plasma from a stable state into an un­
stable state during free decay. Thi. transition is aocompanied by 
increased loss rat es. 

At the present time it is still not clear if the causes of that 
phenomenon are the same for these installations. The authors of PR~ 
and PR~7 are inclined to attribute this phenomonon to nonlinear ex­
citation of a drift lose-cone instability mode under the influence of 
the plasme ambipolar eleotric field, while the authore of 2XII be~ 
Heve tha't it reeult. from double-humped instability. 

Without predetermining how completely eaCh of theee explanati­
ons descr ibo the transition ot plasma into an unstable state we may 
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state that both eases involve a certain deformation in the co11isi­
onSl ion distribution function. Therefore, speaking more generally, 
the effect itself should be treated as a dramatic illustration how 
comparatively slight variations in the distribution. function could 
influence the plasma stability. 

3. Experimental confirmation of theoretical predictions on sta­
bili~ing loss-cone instabilities by injecting warm plasma is an 
important result of the research. This has been proved directly by 
the PR'6 experiments and indirectl y the observations that the insta­
bility' disappeared as the neutral gas pressure was increased. 

4. Data on containement of quiescent plasmas in 2XII suggest col­
leotive scattering of ions by weak plasma oscillations and its con­
tribution to the loss rates. These assumptions, however, need more 
thorough experimental verifications. 

In oonclusion we may add that systematic studies of collisional 
plasmas has been started only quite recently. However, the studies 
already performed make it necessary for us to revise or define more 
exactly SOMe of the idess formed previously. We may hope that further 
research in this direction should yield new useful information which 
will help us to achieve more profound understanding ot the proper­
ties of high temperature and high density plasmas. 

REFERENCES 

1. Yu.T.Baiborodov et al., Madison conterence, vol. 11, b47(1971). 
2. B.I.Kanaev. E.E.Yushmanov. Grenoble conference (1972) . 
3. F.B. Coensgen et al., Grenoble conference (1972). 
4. D.Launous et al., Nuclear Fusion, 1£, 673 (1912). 
5. Yu.T.Ba1borodov et al., Novosibirsk 'conference, !AEA, vol. 11, 

213 (1969). 
6. R.F.Post, M.N.Rosenbluth, Phys.Fluids, ~, 730 (1966). 
7. H.L.Bork et al., NO'Iosib1rek conf .• IAEA; vol. lI, 151 (1969). 
8. D.E.Baldwin. J.D.C811en, Phya.Rev.Lett., ~, 1686 (1972). 

135 



THERMONUCLEAR FUSION IN IllSTALLATIONS 

WITH A DENSE PLASMA 

G.I.Budker 

Institute of Nuclear PhysiCS, Novoelbirak. USSR 

In my present talk I will speak about, Ba called, systems 

using a dense plasma. At various times different pe opl e put 

the quite different meanings into the words "dense plasmall
• 

Vie shall call the plasma "dense" if the mean free path of 

charged particles is compar able with the l ength of the device. 

For the thermonuclear temperature range T~104 Ev it 

meaDS that the plasma dens ity should satisfy the condition 

-3 3_ 1020 
n (cm » L (cm) 

and its length should satisfy the condition 

107 
p (atm) > L(Ciii) 

(8ee Fig. 1 ). 

We shall be i nterest ed in traps with a dense plasma. that 

is in sys tems for which the magnetic fields are of great sig­

nificance. Therefore I will not be concerned with ideas about 

thermonuclear reaction realization in micropar ticles of con­

densed matt er about which there is muoh talk at present (des­

pite the fact we are certainly dealing with a plasma which is 

dense in our sense of the word: ~ 0.1 nnn. P> 10 atm) . 

The maximum pressure for which one can still speak of a 

plaBma confinement in a trap is of the order of millions of 

atmospheres. This pressure le obtained by means of explosive 
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compression of a liner. The corresponding density of the 

plasma is of the order of 3.1019cm-3 and the mean free path 

is about 10 cmo The final dimensions of a reactor after im-

plosion are approximately 1 cm in the radial direction and 

several meters in length. The length I speak of here is de­

termined from the oondition that the time of the plasma l on­

gitudinal expansion should be on the order of a Lawson time: 

'C (sec)->1014/N(cm-J) 

:~rk in this field has been oarried out at the Institute 

of Nuclear Fhysics(11 and in the laboratory of Linha~ in Ita­

ly [2] • At Novosibirsk the possibility of preliminary storage 

of the necesa&ry energy as the kinetic energy of B liner was con­

sidered. The liner was acoelerated by means of a magnetic 

field of about 100 kG. Magnetic compression of a liner has ob­

vious advantages over the implosive compression both from an 

experimental standpoint and from the point of view of the fi- . 

081 aim, since in the case of magnetio compression only the 

part of the D-T mixture whioh is actually put into the reac­

tion of one · experiment ls used up (and all the rest is not was­

ted). In order to make it possible to oarry out many oycles 

ot a reaction with the SBme traction of the mixture, we consi­

dered MHO-compression of a liquid metal liner located on top 

of a heaTier insulating liquid and which is restored by cent­

ritugal forces after each working cycle. 

In fact, in our experiments of 1965-66 the liner compressed 

not the plasma but the magnetio field. In this way magnetic 

fields up to 2 MG and corresponding pressures of several hund­

red thousands at mospheres were obtained. In the purely thermo-
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nuclear aspect this set of works was unsuccessful. It WBa 

unsuccessful not in the sense that negative results were 

obtained, but in the sense thet the oomplexity and the cum­

borsome size of experiments as well as the defflciency in 

the staff, that were required to overcome the difficulties 

which we met, undermined the hope for obtaining conclusive 

resulte in a foraeeable future. And we are very pleased that 

physicists of other laboratories have returned again in re­

cent years to this question [3J • 
The next step along the descending curve ahown in Fig.1 

is the attempt to obtain in high pressure plasma within an 

unbreakable rigid vessel (p< 104atm). Such systems .... re con­

sidered in particular by Morozov, Tuck and othera [4 ,5J. Since 

in a dense plasma in the longitudinal direotion neither ther­

mal insulation ner confinement was assumed, the resulting 

length of the installation was getting to bo OD the order of 

several hundred meters. One can agree that a thermonuclear 

reactol' length of several hundred meters is not hopelessly 

gr eat, More then that, I would say thet it is quit e appropri­

ate for a thermonuclear power station with power of commer­

cial interest. However, in order to confine a plasma along 

this whole length, it ie necessary to produoe a magnetic 

field of the order of several hundred klllogauss. And when the 

device has a length of about 1 km this task becomes really 

complicated and very expensive. In addition, it ie very dif­

ficult to model this machine and an immediate start with the 

conatrtlct1on of 6 full-euale installation would require exep­

tional boldness on the par1 of experimentallste and their 
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financing institutions. 

Therefore we considered another possibility which may seem 

unconventional at the first sight, namely: plasma oonfinement 

in the transverse direction not by a magnetic field but by 

the installation walls. The only role that is left for the 

magnetic field Is to deorease the transverse heat conduction 

and this requires a considerably smaller magnetic field and 

the problem of stability is solved in a new way. In this way 

a system with~»1 appeared, The technical feasibility of 

designing a oylinder capable of withstanding internal pres­

sure iof tens of thousands of atomspheree BS compared to that 

of designing a solenoid for a corresponding field is clear. 

A bit later I wall dwell on the physics of the processes 

oocurtng in a thermonuolear plasma under the condition of 

plasma confinement by the walls. 

Since a length of 1km i. still cumbersome even in the 

aBse of confinement by the walls, we attempted to find a so­

lution corresponding to an installation with more conventio­

nal dimensions. A few years ago we found such a method. The 

essence of the method is that at the ends of the installati­

on a multiple mirror configuration of a magnetic field is 

produced [6,7) • 

The work on dense plasma oonfinement by a multiple- mi rror 

magnetic field 1. carried out in the laboratory headed by 

Ryutov and Kruglyakov. Thi. work i. a little more then half 

the whole CTR - program of the Institute. The other half in­

volves investigations of the feasibility of a thermonuclear re­

actor baeed on a mirror machine with the plasma rotating in co 
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crossed fields. These investigations are carried out in the la­

boratory headed by Volosav and Zel1nik. In spite of the lack of 

success of the previous experiments on the "Ix10nll and "Ho­

mopoler lt [8,9] , carried out at the Los-Alamos Lab., we main­

tained an interest in this field since we succeeded in get­

ting a stable plasma due to Bpecial distribution of the poten~ 

tiel. But I am not going to speak about this now, since the to­

pic of my report today concerns a dense plasma. 

The essence of the multiple mirror confinement of a dense 

plasma is that at the end of the machine the multiple mirror 

is installed which sharply decreases the plasma output at a 

given mirror ratio in comparison to a machine of the same 

length but having one mirror or no mirror at all. 

I! one chooses the length of every mirror BO as to cause 

the particles passing through this mirror to be soattered at 

an angle .le - J ~/I\nax. then the particles within the mir­

ror length will be captured. Some subsequent scattering events 

will cause the particle to leave the trap but with equal pro~ 

bability that the exit will be in the forward or backward 

direction. Thus, a particle will move diffusively between the 

mirror and its lifetime will become proportional to the squa­

re of the system length and increased many times in compari­

son to that of a homogeneous field. 

It is interesting to note that the positive effect disap­

pears both at very low and at very high densitios of a plasma. 

At lower density the particle passed through the first mir­

ror will also pass freely through all the others mirrors. 

And at higher denSity due to the viscosity decrease the oon-
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ventional gas dynamic flOWing through the corrugated tube 

will occur which differs only slightly from the flowing through 

the smooth tube. Thus, we have only specific parameter ran-

ge where our effect is occured. 

From the macrospocic viewpoint the picture looks as fol­

lows. At any given moment the plasma is 8 mixture of two ga­

ses! a gas of untrapped particles and a gas of trapped ones. 

The transport of matter along the axis of a system ls natu­

rally provided only by untrapped particles. Due to collisi­

ons the untrapped particles transmit their moments to trap­

ped particles and those in turn transmit them to the magne­

tic field of the mirror thus, the plasma hehaves as if it 

experiences friction against the magnetic field and the cha­

racter of the longitudinal motion of a plasma is qualitati­

vely altered. Inertial expansion is transformed into a slow 

leakage of plasma through the system of mirrors similar to 

that through a porous medium. The leakage valoelty in compa­

rison to that of a homogeneous field is decreased by a factor 

of k
2 ~ ; where k . is the mirror ratio. L/~ appears due to 

diffusive character of the motion. One power of k appears 
1 due to the fact that the number of untrapped particles is k 

of the total number of particles; the second one due to decrea­

sing in the soattering length with respect to capture into mir­

ror. The general gain is so high that it is impossible to 

pay no serious attention to this effect. 

From the exact mathematical equations the system of mac­

roscopic equations was analytically obtained by Ryutov and 
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Mirnov (junior). This system of equations takes quantitatively 

into account all these effects mentioned above as well as the 

role of the polarization electric field [11 t 12J • The results of 

the investigation of the system confirm the simple estimates 

I mentioned above. 

Despite the self-evident nature of these estimates they 

were not immediately accepted by the scientific community. 

We have even heard statements to the effect that our estima-

tes contradict the momentum conservation law. I think that this 

was the effect of a certain psychological barrier connected with 

many years of experience in work with plasma, where ~ ~ L • The 

situation is similar to that of about twenty years ago when 

great efforts were needed to overcome the opposite barrier for 

specialists in gasdynamics who joined thermonuclear investiga-

tions. 

In order to overcome this barrier and to be assured that 

there were no major mistakes in the theory we have done a model 

experiment with an alkali plasma [13 t 14] • This work was presen­

ted at this Conference by Kruglyakov in hie report. 

The idea of the experiment is based on the fact that due to 

the large Coulomb cross-section in a low-temperature plasma one 

can manage to satisfy the condition).. < L at low values of 

plasma density and at relatively small dimensions of the device. 

In the installation shown in Fig.) of ) m length the process 

of diffusive motion of a plasma with an average density of 

~1010cm-3 through a system comprosed of 14 mirrors is investi­

gated. The results given in Fig.4 are in full agreement with the 
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theoretical predictions: at the transition from a homogeneous 

magnetic field to a multiple mirror field the pla8ma den8ity near 

the sources sharply increased, the increase being just required 

amount. 

Simultaneously with our group and independently the 

idea of dense plasma in multiple mirror magnetic field was 

proposed by B.Logan, M.Lieberman, A.Licbtenberg and A.Makhijani 

(15] • They have done numerical calculations concerning the in­

dividual oharge particle motion through the multiple mirror mag­

netio field in the presence of fixed scattering centres. ~ this 

the authors predetermined in advance the diffusive character 

of the motion and were able in essense to "fish out only the 

mirror ratio dependence of the confinement time. This same group 

has carried out a set of experiments on an installation with 

3-5 mirrors and obtained results in agreement with ours [16J a 

At present in our Institute we are nearing the completion 

of an installation for studying multiple mirror confinement 

of a hydrogen plasma with a density of n ...... 1015cm- 3 and a 

temperature of 100 eVe We have chosen 100 aV since at this 

temperature value the requirements for the inparted energy 

became comparatively moderate. Then tmparted energy increa­

BeB as a high power of a temperature and in the thermonuclear 

region ia becoming of the order of tens megajould. The inst­

allation length is 6 m and the average intensity of the mag­

netic field i8 up to 20 kG. Plasma will be prepared with the 

aid of a high current relativistic electron beam. 

Now I will return again to the problem of the transverse 

plasma confinement. As I have already Baid there are two BUb-

8tantiall y different possibilitie8: namely, the well known 
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magnetic confinement (H2« 811 nT ~ and plasma confinement 

by the chamber walls when the magnetic field serves only for 

Buppressing the transveree beat conduction. 

The first possibility has been fully studied and I will 

not dwell on this case. I w111 only note that in the case of 

an axially-symmetric multiple mirror field the plasma is un­

stable relative to flute perturbatione and therefore it pr~ 

ves necessary to use ,s nonaxY~8ymmetric configurations which 

provide a magnetic well (171 • The well known disadvantage of 

such a configuration is the difficulty in get ting a high mir­

ror ratio. In spite of this f the strong magnetic field has 

advantages: since in this field plasma may be removed from 

the wall it turns out be reasonable to make movable mirrors 

(Fig.5) which provide the qussistationarity of the longitudi­

nal confinement. The waves shown in the Figure on the left 

and right hand sides- continuously "dash against" the reg10n 

of homogeneous magnetic field and because of the frictional 

effect described above between the plasma and magnetiC field 

they provide a constant foroe whioh opposes longitudinal ex­

pansion of the plasma. The velocity of these waves is not 

large. It is equal to the plasma flow Tslocity, i.89 much 

less than the ion velocities and the teohnical feasibility 

of such a moving field ie of no difficulty. However, the pre­

viously mentioned difficulties in obtqining strong magnetio 

fields in large volumes justify our paying attention to sys­

teme with pl asma confinement by the walls. 

For simplicity let us consider first the problem of plasma 

confinement in 8 cylindrical tube (with no corrugation). Even 

in this case the physics of nonmagnetio confinement Is soroe-
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what more complicated than it seems at first sight. The rea-

son for these complications is connected with bremmstrahlung. 

Really, the bremmstrahlung power, per unit volume of hot 

plasma is proportional to n 2 ;-T. But under the condition 

nT»H2/a<the equalibrium condition has the form nT~const, 

i.e. the power of the radiation is altered in proportion to 

T-3/ 2 and in the layer of cool plasma attached to the chamber 

walls the radiation power becomes very large. The radiation 

is so strong that even the weakened magnetic field does not 

provide the flux required for the compensation of radiation los­

seGo This was predetermined our lack of success in searching 

for s tationary sclutions in the work during 1967-69 [16, 19) • 

Recently qU8aistatlonary solutions were to~ by Chebotaev, 

Ryutov, Spector and Vekstein that were presented at the con­

terence by Ryutov. The meaning of this is the following, 

While they are oooling, the extornal layers ot t he plasma 

are pressed againtlt the wall and are in 80me sense "eaten Upll 

by the wall. AB a result there develope a plasma flow toward 

the wall. The plaama flow velocity 1. determined by t he velo­

city of the plasma "eat ing up" ~hl~h in turn depends upon the 

heat cond*ctlon processes and the redia'tion in the layer near­

the wall. In partioular. the presenoe at plasma flow causes 

the lifetime of plasma to increaae not as R2 as it does with 

ordinary heat oonduction but only linearly with R, 

At the same time the calculations showed that the lifetime 

OB 8 plasma turns out to be sufficient enough for obtaining 

positive energy output even in the case of very modest trans­

TerSI domensions of the reactor and in the case of comparati-
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vely low fie ld. (R-v5cm and 1I>o2.104G in t he case of classical 

heat conduction and H . 105 G in the CBse of Bohm heat conduc-

tion). I would also like to underline again that f»1 and energy 

108 s es i n the coila even whan H • 100 kG can be neglected. 

In the course of cal culations t he distributions of T and H 

were obtained along the installation radius at various moments 

in time. A typical exampl e of the corresponding results la shown 

in Fig. b. One can easily see the layer near the wall where 

the denBity i. t wo order. of magni t ude higher than that in the 

centre. 

It ia necessary t o t ake into account the corrugation be­

cauae of t wo new probl ems. First ie the problem of the defor­

mation of force linea during the plasma expansion. In order 

that the desired magnetic field configuration be preserved in 

a pl asma wi th ~ > 1 , it le necessary to have the wall conduc­

tivity high enough (t o prevent the penetration of the magnetic 

field through the wall during the processes ot deformation and 

to maintain the shape of the field lines at l east near the 

wall). Under these conditions the various alterations of the 

radiAl profile of plasma denSity during the procesess of hea­

ting and cooling cannot lead to SUbstantial change of the 

magnetic field profile in the main part of the trap volume. 

Here the fie ld intensity may be altered by not more than an 

amount of order unity. Numeri cal calculations confirm t his 

conclusion. 
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More substantial may be the field line deformations con­

nected with the longitudinal pressure gradient. If the mag­

netic field is too weak, it may be smashed and carried away 

by the plasma flux. Obviously this will not occur if, roug­

hly speaking, the follOWing condition is satisfied, 

2 
~ > hp'" piN 

8ll" 

where Sp - ls the pressure change along a single mirror 

and N is the number of mirrorso The meaning of this condi­

tion is that the high pressure of the plasma 1s distributed 

among many mirrors and each individual mirror withstands a 

small pressure drop. It ls seen that for large values of N 

the last equation is quite consistent with the inequality 

~ » 1. 

The second problem is the stability of the plasma confine­

ment by the rigid corrugated liner. This problem was investi­

gated at our Institute by spector[20]. In this CBse the plasma 

turned out to be, generally speaking, unstable (as in the 

case of ~< 1) but due to the effect of longitudinal ion 

viscosity the growth rates are snfficiently small and in the 

case of ~ ) N2/2A there is no time for the instability to 

develop during the time of plasma confinement (where A is 

logarithm of the ratio of the allowed fluctuation amplitude 

to the initial amplitude). In the task under consideration 

in addition to the problem of plasma confinement and plasma 

thermal isolation the problem of plasma heating is also of 

decisive significance. Of all the possible methods of plasma 

heating (with the confi~~ration taken) we have cho.en the 
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method of plasma heating by 8 powerful relativistic elect­

ron beam. For this choice there were the following grounds. 

First. The absence of Bubstantial distortions of the mag­

netic field in the case of plasma heating by relativistic 

beams (ae opposed say, Joule plasma heating by a longitudi­

nal current of shock heating). 

Second. The availibility at the Institute of experience 

in producing powerful electron beams. 

Third. The presence of a large group of physicists (theo­

rists and experimentalists) at our Institute whose interests 

lay in the field of collective effects in plasmas and the 

processes of beam-plasma interactions. 

In addition to that we proceeded from the general philo­

sophical assumption that the high power requires high volta­

ge. Although the transition to volt ages of the order of a 

million volts seems to be a complicated task, in practice it 

will give significant s1mplifications. 

Works on plasma heating are divided into two partsl the 

investigations of beam-plasma interactions and the producti­

on of the corresponding electron beam sources. 

First experiments on the relativistic be~plaBma inte­

ractions have been carried out in 1970-71 at our Institute by 

the Kurtmullaev group [21J • These experiments showed that in the 

case of plasma denSity of~1012cm-J the beam can impart to plas­

ma 10-15 per cent of its initial energy. The energy transfer 

from beam to plasma cannot be connected with Coulomb colli­

aions since the Coulomb mean free paths of the beam partic-

lee and the plasma exceed the device length by several orders 
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of magnetude. The only r~onable explanation i s the exci­

tation of microscopic fluctuations in t he plasma with the 

subsequent scattering of the beam on these fluctuations. 

! corresponding theory was made by Brei.man and Ryutov[21-

2JJ • This theory enables the qualitative understanding of 

many experimental results. Recent results were reported in 

the paper presented by Brelzman at this Conference. In new 

exper~ent8 carried out at our Institute during the last 

two years[24J also reported here by Koydan we have obtain­

ed a significance advance to higher plasma densities: ef­

fective beam-plasma interaction was observed for densities 

nN3.1014cm-3o 

Extrapolation of the data, taking into account the availab­

le experimental and theoretical findings, makes us believe 

that the problem of plasma heating up to thermonuclear tem­

peratures will be overcome in case when we solve the prob­

lem of producing beams with vol tages of -10 6 V. total cur­

rents_106' A and lifetimes of-10-4sec. 

The second part of our program is connected with the pro­

duction of powerful beams. First beams with currents up to 

)0 kA with the particle energies up to 4 MeV were obtained 

at our Institute in 19&9 with aid of a Tesla transformer 

in a compressed gas. Financial means do not allow us to con-

struct installation aB big as IIHermee" or "Auroral! and there­

fore we keep our attention on the design of relatively small 

low impedance linea with insulation provided by super pure 

water. This work was set up in 19&9. Now we have at our dis­

posal a water line of 2 m length at 40 cm in diameter with 
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the impedance ~,3 Q • The current obtained 1s up to 110 

kA with 800 keV particle energy. 

The strengthnen1ng of the water gap due to the producti­

on of conductive diffusive layers in the vicinity of the 

electrode surrsce was recently investigated by Ryutov[25]. The 

results ootained give ua hope of suocess in raising the 

break-down int ensity of electric field by a factor of 4. 

This will permit a substantial decrease in the resistance 

of the water line. 

In conclusion I would like to draw your attention to 

what would be a thermonuclear reactor designed on the prin­

ciples I have previously described. The reactor ls a strong 

conductive shell (aee Fig.7) of about 10 m length with an 

internal diameter of about 10 cm; the average intensity of 

the magnetic field is 105G; and the mirr!Jr ratio is 3. 

The number of mirrors is about ten OD both sides of the 

shell. Plasma with a density of about 1018cm-3 is prepared 

in the central part of the device with the aid of an elect­

ron beam which 1s injected from the one end of the shello 

The thermel energy of the plasma is about 108J ; and the li­

fetime of the plasma of about 10-4 e.c is sufficient to ob­

tain a positive energy putput. 

I do Dot dwell on the problems ot engineering since in 

general they are common to the other systems using dense 

plasmas (l:i.ke £i-pinch with a liner) which are being discus­

sed at this Conference. 

Of course, the design of Duch 8 system under the condi­

tione of the successful eolutione of a ll the principal pro-
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blems ie still a very complicated task. Nevertheless those 

difficulties are on the order of the aim advanced and lie 

within the limits ot modern technological potential. 

I would like to ret urn again to that viewpoint I have 

already expressed at the closing of the Conference which 

was held in Novosibirsk in 1968, namely that the data ac­

cumulated in plasma physiCS investigations are enough to 

start on the realistic design of thermonuclear systems. 

We have undertaken a reorganization at our Institute, 

having lett only the plasma physics investigations which 

are directly connected with the design of thermonuclear 

machines. I was very pleased to be conclnced here at the 

Conference that this my point ot view became to be well 

approved and now it is not regarded as indecent to talk 

about realistic thermonuclear systems. 
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Fige 1. Graphs of nand p versus L with double logarithmic 
scale e 
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Id) 

Fig. 2. Magnetic surface for: 
a) corrugated system; 
b) mirror machinei 
c) straight system. 
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Fig. J. The model experiment with ceeium plasma. 
a _ diagram of a device: 1 - ionizer; 2 - coils of 

magnetic field; ) - vacuum chamber; 4 - pumps; 
5 - probes; 6 - cesium vapor inlet . 

b _ magnetic field profile at the axis of the system. 
c _ incandescent probe: 1 - quartz cnpl11ary; 2 -

tungsten wire. 

1'''' ·I-,I-Il · 
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1 ' :J ~ . 

11', 11 I 'I 

11 • 
•• '"", 

Fig. 4. Distribution of plasma density along the system axis; 

a - in a corrugated magnetic field; 
b - in a uniform magnetic field. 
The sensitivity ls J,2.109cm-3 per division. 
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Fig. 5. ' Stationary confinement of the plasma. 

a _ profile of a magnetic field (waves shown in the 
figure on the left and right hand sides. continuOB­
ly "dash against" the region of homogeneous mag­
netic field; points - Lo and Lo are fixed; 

b - the profile of concentration. 

T H, 

Q8 
T 

Q6 J: QI 20 .. 
a2 

" a, Q6 at • 

Fig. 6. Radial distributions of concentration D, temperature 
T and magnetic field H (d1mensionles8 units) at the 
moment of time when the temperature in the centre 
ls maximum. 
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Fig. 7. The diagram of hypothetical thermonuclear reactor 
with the multiple-mirror magnetic field (Bohm diffu­
s ion). 



COLLECTIVE INTERACTION 

OF RELATIVISTIC BEAMS VlI:m A PLASMA 

Ya.B.FAINBEffi, V.D;SllAPIW 

(re:tR) 

Review Repo rt • 

I; Theoretical and experimental investigations 

of collective interaction of relativisti c end nonrelativistic 

beams with a plasma have convincingly demonstrated a high 

effi ciency of this interaction; During a short time 10-8_10 "", 

sec at a small l ength of some santimetres beam t akes off 

a considerabl e part of its energy fOr t he axci tation of 

wave, for heating and accelerating of plasma particles. 

This part is 10-40% of the initial energy of the beam 

for the experiments, in wIl1ch the conditions of a long 

resonance interact ion of beaM electrons with a wave are 

provided; It i s important that this part of energy is not 

small for relativistic beams with a power of 108 - 1010 w: 
That is why the possibility on principle of using of high-

• Report is founded on the theoretical ",d experimental . . 
i~v~stigationsJ c~~led out by V~I. Kurllk:o, S~S.Molseevt 

V~I~ShevchenkoJ '.K~Beresln, E.A~Kornilov, S.M~·Krivoruchko, . . . . . 
Yu~V.Tkach, L.J~Bolotin their collaborators and authors~ 
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powered relativistic beams for effective heating of plasma 

with a density of 1013_1018 cm-3 has n ot given rise to doubt . 

At t he e>periments carried out not long ag:> on the Linear 

Pl asma Betatron (!.PB) it is shown that there exaists the 

correlation between energy losses of' the beam, plasma hea­

ting and intensive r adiati on from a plasma; For the beam 

power of 5~108W the radiation oscillations power ls not 

less than 20% of be~ power. 

Together with a heati ng by a beam, t he problem of 

excitation of the r egular waves with a large ampli tude 

(simpl e wave and so l itary i mpulse) that is necessary for 

particle accel eration in a plasma is of a considerable 

i nterest . Until recently the possi bili ty of exci tation 

of the large amplitude wave wi t h fixed phases and n arrow 

frequancy spectra has b een called in question. For its 

solving it has been necess ary to prevent the natural 

proces s of development of plasma-beam interaction, that 

has given an e xcitation of a wide wave-packet and then a 

turbulent station accompanied by plasma heating and ano­

malous diffus i on. The methods, worked out in Pbysical­

Technical Institute of Academy of the Sciencss of UkSSR 

(P. T •• • ), of a goveming of beam instabilities gave pos­

sibili t;y to advance in solving of the problem. At the same 

time the main processes are now clearly detenninated that 

give reduction of plasma- b eam interaction effici ency; in­

creaeing the time and length relaxation, and consequently 

make difficult to use such an interaction. These effects 
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are conditioned by disturbing of beam Particle resonance 

interaction with exei ted waves owing to I a) nonlinear 

saturation of amplitude, increasing as a result of reso­

nBXlce tra,pping, b) nonhomogeneity of plasma density, 

that leads to phase velmcity BXld wave frequBXlcy 
cl'] 

changing, c) spectral overpumping of waves as a result 

of induced s~~ttering of plasmone on the thermal plas-
[2 J (2' 1 

ma particles and of decay processes, d) changing of 

plas ma parameters caused by es citation of oscillations 

that leads to the disturbing of resonance interaction 

conditions. In the case of re lativistic beams as it 

is known there is decreasi ng of the growth rate and 

increasing of relaxation l ength, caused both reduction 

of separate particle excitation intensity and auto­

modulation percentage owing relativistic growth of 

electron mass . The other essential reason of not 

reaching the pass! bIe maximum of collective plasma~ 

beam interaction efficiency for the beam power of 1011 _ 

_ 1013 VI is that there are not solved the problems of 

focusing, mOdUlation and improvement of beam. mono­

energeticality (making the beam more monoenergetic), 

though recently there have appeared the works on fo cu­

sing of high-powered electron beam i:n vacuum and plasma 

diode . 
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As it is' known, for t he relati. vistic beam-plasma 

interaction low-frequency (LF) waves heating the ions 

are not directly excited beaause beam electron velocity 

exceeds considerably the vel oci ty of lB-waves. The i ons can 

be heated by means of transformation hign-frequency (HF) 

waves into LF-waves or as a result of ion-sound and others 

LF-'waves oxc i t ation by electrons of bqck current, whose 

velocities are near the sound velocity. The second 

mechanism is no t Guftic! en tt eeree4 ~ in the case of 

~ Z( D,p becnuse the energy containing in the back cUr-

" )' rent is (. (t times l ess than that in the forward cur-, 
rent. At the experiments carried out in P.T. I~ t he auo -

malous efficiency of tt'aIl.sformation of HF-oscl11ations 

into LF- cnes for plasma-beam interaction have been fOund . 

About 70% of HF-oscillations energy was found to trans-

form into LF-oscillatlons. 

In this report the pOssible methods of eliminating 

of processes decreasing the plasma beam interaction ef­

ficiency are discussed, some possibilities of f ocusing 

and modulating of high-powered beams are considerated 

and possi b iliti es of using of anomalous t ransformation 

of HF-wave into LF-ones :for p l asma heating bJ' tjIe beam 

are di s cussed t oo . 
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Ir: The possibili~ of effective transformation of 

relativistic beam energy into p lasma oscillations energy 

has been firstly shown in the work of the authors and 

Shevchanko /1/; The main conclusions of t he theory - the 

quasl1inear relaxation of the beam has inedimentional 

character, the most effective r elaxation takes place for 

sO called "monochromatic" beams wl th a small angl e spread 

/J " « I ~"-. )~ 
P' Tlp: 

(~1np - beam and plasma densities, corres-

pondently ). In 'this cose 

wi th iw.ti al beam ene rgy 

at the langth 

the beam loses the energy, 
V./ ...... 111,~' c.: 2. C'b )'/~ '(l-

"r 

( T< )1, 
"" " 

compared wi" 

(le - temperature of plasma electrons). 

For the beams with a great angle spread the energy loss 
, 

W-~. "'" 0 is gained at the considerably greater length 

t ~ ~ 10 ~ ~ 
C I ~ 

~. W p (4e)' 1>\{ 1 

For the case of relaxation of the beam in plasma w1 th a density 

n ~ 1014 _ 1015 cm-3 and beam current J ~ 105A relaxa-
p 

tion length 

10' 

is of some centimetres. In this case no - ( - _ /0 
'1~ , 

real beams the criterion of monochromati-and for the 

caun- is fulfilled. For the beam power 1013 _ 1014, achieved 

at present, it is possible to heat the highdensity 

(n ~ 1018 _ 1019) plasma in the magnetic trap (transition to 
p 

such a density allows to reduce containement time considerably) 

and also to use the relativistic beams for the initiation of 

impulse themonuclear reaction in the solid D-T target. In all t 

these cases ( ~ ~ 1~~/Ob) the monochromatical criter-
n p 
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rion is not fUlfilled end the beam relaxation becomes slower. 

Nevertheless, for these cases relaxation length is small 

compared with system s izes and thus collective mechacism of 

relaxation provide~ oan efficient energy transformation from 

the beam to the plasma oscillations. At the s ame time as it 

has be en noted in the introduction, the disturbing of the phase 

resonance between the beem and wave caused by the nonlinear 

interaction of waves, nonhomogeneity of plasma and others . 

prevents to realize the co llective interaction of relativistic 

beam w1 t h a dens e plasma and extends the relaxation length in 

such a plasma . 

To reduce or to obviat e the injurious influence of the 

nonhomogenelty of plasma and nonlinear wave interaction it is 

necessary to provide the conditions for which the length of 

collective r elaxation were les s than t he length of spectral 

overpumping and !ts s then t h e charac;eristic value of density 

gradient leading to t he break-down of collective r elaxation 

proces s 12'7: The decreasi ng of t he r elaxation length and hence 

the increasing of the plasma-beam i nteraction em cien"" Cell be 

acW!eved by pre .... odulation of the b esm end decreasing of its en 

engle divergence. Programmed changing of the dans i ty allows 

not only to avoid injurious influence of tile nonhomogeneity 

of plasma densi ty but to use i t f or the i n cr easing pla/llllB.-beam 

interaction efficiency end in particular f or the eel1m1nating of 

the effects of nonlinear saturation of the oscillations . In the, 

these directions there are being made t he e:>q>eriment al and 

theoretical investigations in P . T.I~ 

.As it hae been ~hQWJ1. in theor et ical and e:>q>erimental . inves ­

tigations, made in P: T.I ~ t when 1fJ.e electron beam t o pre-modu-
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lat e, the plasma-beam interaction efficiency is increasing 

considerably and the relaxation length can be decreaaed /~/. 

It is essential that owing eJlPQnential growth of the initial 

s i gnal amplitude i n the process of the beam interaction with 

plasma or decel erating structure the power needed for modula­

tion is not high, because for a small depth of initial modul a­

tion the needed effect has already achieved. This circumstance 

is especially important for the case of relativistic beams 

because in this case, when t to i ncrease, the 'spatial beam 

bunching is essentially difficult Let us consider now the 

interaction with plasma of pre-modulated beam with a small 

angle divergence. In this case the instability is developing 

in one-mode regime and, as it is known /4/, the growth satura­

t i on of plaam.. wave amplitude is connected with the beam par­

ticle t rapping in the potential wall created by t he wave . The 

trapped beam particles perform phase oscillations with respect 

to zero phase of the wave and when to average over the period of 

these oscillations do not exchange any 9Ilergy with t he wave and 

t he inst ability is stabilizing. The part of b eam ener gy, t rans ji; 

formed int o oscillations , is r elatively small ~ (.!!.! ) r. « i n, . 
The transition to the relativistic beam energy l eads t on the 

one hand, to the decreasing of t h e growth r at e ( ~ _,_) and 
¥ 

on th e other hand owing to considerable growing of the longitu-

dinal mass (m" "'" moi 3) to the incre~ing of field amplitude 

corresponding to the trapping. In Fig ; 1 there are shown the 

result of solving the problem of interaction 1 of pre-modulated 

monochromatic relativistic beam with plasma by means of computer 

/5.6/. Fi"il shows how the ratio of the -BIlerl<Y flow Qf the 
pl~s~a Os~ la~1ons to toe beam energy r~ow ~penas of relati-
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vistic parameter y . It is evident, that at the maximum 

((~)~ (V.)'/, '~ j) about 40% of the beam power transform 
t1p V8 . 

into oscillations. l!Urther increasing of the efficiency of such 

a transfoxmation can be achieved by means of maintaining of 

the synchronism between beam and exci ted wave when phase 

velocity ls decreasing in the direction of beam motion. Being 

trapping b) the wave the beam particles are bunch1ng in the 

decelerating phase, for which their velocity coincides with 

phase velocity of the wave, and continue to lose their energy. 

It is essential that as a result of bunching of the beam 

not onl;y the particle with an equill>brium synchnistic!!l phase 

bllt IIIallY particles for which if';' ~ are tra,p-

ping into synchronistical motion, 80 that maximum power of the 

excited wave is comparable with the beam power. In Fig.2 and 

Pig., there are presented the results of the calculations 

of this problem by the computer 17,8/ for the case, when syn­

chronism between the beam and the axei ted wave la maintained 

owing to the profiled changing of the plasma densi ty 

n. (t) = n, l i + ( "..t V~)1h. y. f ("0 1, _3_ . 
ne v.' 

C - W," ( n, v. )'/3 '6, 
V, "p "a 

"8- ~'''''P v,f,,:t:) ot pt.;",<t "'''~\, fl~)iS .low. o"F'a 2. 
(the other poesibility of the providing with the necessary 

law of phase velocity changing ia the using deceleorating 

structure with a variable step)-. 

-These theoretical conclusions are in a qualitative agreement 

with the e~eriment (aee 17/). 
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For the synchronism conditions about 9"- of the beBlIl power are 

transformed into oscillations (see fig;2). From the analysis of 

the phase plane (fig;,); it is seen that 85-90% of the amount 

of beam particles are trapped into bunches, moving synchronisti­

cally with the wave and decel~rate upto the velocity compared 

with thermal plasma velocity. The rest of particles does not 

brapped into synchronistical motion and practically does not 

exchange any energy with the wave. There are some others possi­

bili ties to maintaiD the synchronism between the monochromatic 

beam and the excited waves. In Pig.4 there is presented one 

of these possibilities - the using of the electric field 

E _ "'0' ( b - growth rate) allows to camplIBsate the , .. 
beam losses for the wave exc! tatlon and proVide the continuous 

gro~h of wave amplitude. Thus the carried analysis indicates 

the possibility of the effective energy transformation o~ the 

relativistic monochromatic beam into plasma oscillations. 

Ill. above we have confined themselves to the investigation 

of the excitation of the periodic waves by the relativistic 

'beam~ To rise the plasma-beam interaction efficiency and for 

some applications it is necessary to investigate the possibility 

of the excitation of solitar,y waves (solutions) by the intense 

electron beam. Below we shall dwell on the preliminary theoret­

ical and experimental results of the solving of the problem, 

obtained in 19/. In t he plasma, placed in a magnetic field, the 

wave propo gating under the angle to the field with a phase velo-

city 

impulse 

V.I. 7 Wp 
11 represents 

T I( ('-+~ )1,!. . 

" w' (solution) "/9,10,11/. 
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The mechani sm of the origin of such a solution can be easily 

explained for the limit case of infinite strong magc.etic £1e10 

fieldD At the centre of the electron bunch, forming the 

soluton, the effective plasma dielectric x constant 

• t,.. ~ - we ""-,,, >I is negative and the Coulomb repulsion of 
"- .... ' V~L 

the charges of the same sign changes on their attaact1on, 

while on the periphery of the bunch Ii> 0 and the repul­

sion of the electrons takes place. During the Bol.ton motion 

through the plasma it occurs that the sOl*-ton is strongly dam­

ping owing to the soUton energy absorption by the resonant 

particles, reflected from the potential hump. Similarly to 

the electron beam moving through the plasma and allowing 

to reverse the Land au damping on the periodic waves, the 

sol.t&n interaction with the electron beam moving faster 

than soIl ton, leads to the reversibility of the effect 

of soli ton damping and to its amplification. For 

with a diffuse distribution over the velocity 

the adiabatic amplification 0 f the soli ton takes 

the beam 
"'v (nb)Y3 -» .-
V '1 .~ 

place 

without dhanging soliton form. The amplitude of soliton 

potential ls growing to the value 

the electric field energy density ( .:2f. ) 'I, times of 
n. 

that for the exci tat10n the monochromatic wave bJ' electron 

beem. In Fig. 5 there Is represent the series of the 

oBcillogrems for the case of damping of the soltlton (oscil­

logram (,,) - wi thout the beam) and for the case of ampl1-

~ing of the soli ton (oscillogram. (t -g) - w1thbeam) . 
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On the left series of oscl1lograms the soliton i s shown to 

be registered b~ a probe which is situated at a distance 5 cm 

from a grid exciting the soli toni on the right series there 

are the oscillograme of sol~ttn after passing the distance 20cm. 

For the oscillograms ,- cL the beam velocity V is a para­
o 

meter. From these oscillograms the spatial distribution of 

the solmton is determined. The soli ton is being amplified 

ultil its phase velocity does not exceed the beam velocity, 

therefore the experimentally measured ~mum value of Mach 

number is proportional to the beam velocity (Fig;6). 

IV. 

beams 

In some eJq>eriments 
, s 

:1- 10 - 10 A 

with high-current relativistic 

the high beam-plasma interaction 

efficiency has been shown. The part of energy lost under 

such an interaction was 10-50,%, it was also observed the 

beam heating and acceleration of the plasma electrons and 

ions /12/. However. the SHP - radiation from plasma was not 

investigated. The purpose of the experiments carried out 

at Linear plasma Betatron (L.P ;B.) (in P.T;J.) is to show 

that for the interaction of high-current beam with plasma 

the SHF - radiation power is comparable with beam power. The 

beam current obtained at LPB-model Was changed from 5 kA to 

15 kA, the energy was changed from 100 kev to 150 key. 

The main measurements were carried out for current 5-7 kA, 

energy 100 keV, current impulse duration 10-6 sec. It 

was shown that for the beam power .--- S.108w the SHF-radia­

tlon power was 20% of the beam power. and the frequency 

of excited oscillations was changed within (11-12).109 cycles p 

Rrrtrecond at the fUrther growing of the beaJll power the ra-
a on power was increasing so, that the break-dow.n took 
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plase, that however can be removed if the more effective 

taking--<lff arramgements are used. In the experiments the '~ 

next method ot measurement of SHF - radiation was used~ 

The plasma-be ... interaction took place in the region wh1ch 

10 Umited by semispherical mirrors of the open resonator. 

One of the mirrors was connected with a waveguide. The measu~ 

rement of the power was carried out with calorimeter and 

with help of calibrated detectors too;' In the last case 

the signal was pre-attenuated by meens of set of T-brenchs 

end attenuators on 100-120 decibels.' Thus caried experi­

ments show a high efficiency of energy transformation from 

the high-<>urrent be ... into SHF - oscillations. The further 

increase of the transfonnation efficiency can be achi ved . 
by using the pre .... odulated be ... s. 

The experiments, carried out 1n P.T.I : with a h1gh­

-<>urrent ( 'J '" 50 kA) relativistic ( ~ ~ }) be... show 

the possibility of modulation of such a be ... at the inter­

action with deoelarating structure of kind of wave guide 

loaded by discs at the frequency f = 1010 ( A = } cm) 

which is resonant for the pl ..... a density n ~ 1012 cm-3 ;' 
p 

The problem of be ... modulation at the frequencies wh1ch 

are resonant for dense plasma h = 1018 .. 1019 cm-} end 
p • ' 

np = 1022 cm-3 is more difficult; It i~ the most per-

spective to modulate the h1gh-<>urrent relativistic be ... s 

by meens of the Ught with using the powerful lasers ,.. 
worked out at present. The modulation of the electron 

• - The possibiUty of using of standing Waves for 
the partical wontainement is tons1dered in the work 84 
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be.., by the light has been coneidered in [1 B-21lj one 

of the possibility of beam modulation by the lignt is the 

us ing the transformation of the transverse oscillations 

into long! tudinal ones by means of cylindrical diffraction 

grating filled with a dielectric. The using of the dielec­

tric gives the possibility to develerate the wave provides 

the synchronism betweSll the wave and the baem. For these 

conditions the modulation of the beam density caused by 

the longitudinal field is detenninated :trom the relations 

lin 

" 
, E, k, 

~y~ (1..)- 't l VO)1... 

where it is taken into account that in the taken system 

\<..J. «( Kz • At r esonance condition 

( il IT .. .f.. ~ -J, ~ (.) t - the long! tudinal spread over the 

VelOCiz;. ~ t h: be"",). Assuming " V-Io:'c , £, _0.1-:- 1) Et 

~ _ 3 i<l = 2 • 1015) We obto.1n 

that for a;ppriciable modulation of the be.., ( Ii % _ 10-') 
the necessary power of the 

value of order 3 -1011 , 

eleotromagnetio wave ls the 

3. 1013 w. 

The other possibility is the beam modulation with 

electromagnetic wave propagating under the angl~o t he 

beam direction. In",; this Case the force ........ [Vo k-l . Then 

m.o (tU-\(zVo -'(J..VobS)'Z.. 

where A9 - angle spread over the veloc! ty in the be am. 

The using of a dielectric, in particular gas , for the 
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deceleration of the wave can provide the ~ynchronism , 
between the beaxa. and the wave, 

Case assuming the angle spread in the beam 
. 15 

the angle '1' - 1, G.J ~ 2'10 we obtain that for the 

beam wi th ~ ~ 3 and "" " ~ 10"" the electron wave power 

which is necessary for modulation is equal 

In is necessar,y to note 

a modulation percentage 

opportunity to decrease 

that the using of . the beam with 

2.!:! .~ 10-2 .. 10"" gives the 
" the relaxation length of the :ela-

tivistic beam in the target to an order approximately. 

At the same time it is necessary to remark that the realy 

complete beam bunching can be provided at rather long 

distance from the modulating arran~t due to the uaing 

the klystron mechanism of bunching; 

Ths question of. the focusing is 'Vary important for 

the relativistic beam. This question is acquiring ellPecial 

significance in connection with the problem of utilization 

the relativistic beams for the 1n1tiation of the impulse 

nuclear fusion in the solid D-T target and w1 th the working 

out of combined beam-laser method of heating. At present 

considerable successes are achieved in the focusing of 

relativistic beam in the diod by using radial d:rift of 

beam particles in the crossing E and H field [14] l 
Ez is a long1 tudinal external electric field, created 

by the explosion of the wire, 

of the beam current; The drift 

H - own magnetic field 
~ .. 
E J fi leads to the radial 
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focusing of the beam, This way at presunt the radial focu­

sing of the relati vistic beam with the current j = 1OD-250kA 

is provided up to the size of 2~ 3 mm, the current density 

in the focused beam is the value of ~ 5'106 A/cm2 , To 

provide the effective internation of relati vistic beams 

with plasma there are important such methods of focusing 

which lead to decreasing of the angle divergence in the 

beam. In this connection ~ consider that the collective 

methods of focusing of relativistic beam connected with 

devel oping of i nstability are perspective, The angle di­

vergence in rel ativistic beam is c aused by be~atron oscl11~­

t lons of beam particles i n own magnetic field~ These oscil­

lations lead t o the situation, when at the relativistic 

beam-plasma interaetion together with usual instability 

of the ihongi tudinal waves the electromagnetic instablli ty 

is developlng~ The condition of the resonance interaction 

of beam particles with the wave is written in the form 

..fl.. - the frequency of betatron oscillations. At n > 0 

(normal Doppler effect) this condition is fUlfilled for 

the fast electromagnetic wave t,.) > kC that leads to the 

development of electromagnetic instability of the beam in 

plasma. The growth rate of this instability is 
11 '/ v 'i3 . !J/ aY' b _ kl l tJ \ (~) for monochromatic beams and Il ~ _ ----=-
(c.. ~ W 4~. 2-

for the beams with a large angle spread , The instability 

leads to the radiation of electromagnetic waves from the 

plasma and to the focusing of beam due to the recoil impulse; 
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Betatron oscillations of the particles abe. damping and 

angle divergence in the beam is decrea8ing~ ChaJ7acteristlc 

length, on which the focusing occurs, e - .hQ. (. S> ~ ~ 
o 1- Yv.,.L 

is usually small SO that the proposed mechanis of focusing 

is rather etfectlve~we consider now the ~ue8tlon about 

the mechanisms of dissipation of the plasma oscillations 

anergy, The relativistic beam excitates directly the fast 

plasma wave which can dissipate due to the non-linear ef­

fects of transformation HF-oscl11ations into LF-ones. 

The dissipation of anergy of the relativistic beam in 

plasma can be also achieved due to the excitation of 

~ - oscillations by the back current and due to the mo­

dulation at low fraquencie8~ As theoretical and experimen­

tal investigations carried out in P,T~I, have shown the 

initial modulation of the beam at low hybrid frequency 

leads to the direct effective heating of electrons and 

ions: The lower frequency o8cl11~tl~n8 leading to the 

anomalous diffusion are not excited;' It is shown experi­

mentally that for modulation on low hlrbrid fre,quancy abo';'t 

30% of beam energy can be transfered into plasma heating;' 

The transfonnation of Ill' - oscillation into LF - ones is 

connected w1 th a decay of Langmu1r oscillations into 

Langmuir and ion-sound ones. Such a transformation is 

especially effective for the interaction with plasma of 

the monochromatic relativistic beam;' At the amplitude 

Langmuir oscillations excited by such a beam typical time 

of the non-linear transfinnation Ill' into LF-oscillations 

is t - 10 V np T 

;Vwp,tJ.:p, , ".,,,,,'( 

177 



Because of the small value of the velocity of the LP -

_ oscillations typical length on which their excitation 

occurs is small tOOl 

e ~ 10 Yr 
n Wp 

Thi s length can be 

" h r 
, I -""--_ 
V ~'n1 C ~ r 
compared wi ~ that on which the HF-

_ oscillation excitation occurs: At these conditions decay 

instability leads to the more effective tak1n~-off the 

energy from the beam. Because the axe1 tated HF - Langmuir 

waves have a Begative energy (phase velocity Is less than 

the velocity of the beam bunches) then at the decay the 

energy diBsipatlo~ of these waves leads to the increasing 

of wave amplitude. In Fig; ? the energy taken off from 

the beam is shown for the various value of paraw.eter , ' 

j\.: l ~) ; It is evident that including the decay 

instability leads to the considerable increasing of the 

total energy of the oscillations. The changing of the 

HF - oscillations aJIlpli tude along the beam is shown in 

Fig; 8; On this figure it is easy to observe the compli­

tude beating with two typical periods - the period of the 

excitation of the HF - oscillations ~ip (the period 

of phase oscillation of the trapped particles) and the 

period of the decay instability ~: At the A large 

enough ( t\ > A VL =4) such a beating leads to the "phase 

mixing" in the beam (see Fig; 9 in which the dynamics of 

phue plane is shown) and at these conditions the total 

energy taken off . from the beam due to the decay has not 

aIrady increased; The empl1 tude of tho ion-sound oscilla­

tion excited at the decay is of order 

E LF ~ l ~ ~ )'1, ~. E ".". 
np Y3 
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Thus the 

t he HF -

amplit~de of the LF - oscil l ations and t h at of 

ones Cllll be the same oroer at n ~ 1014 v'" 5 ri' 
i._ 10 ~: T ~ 1 kev. ELf- ~f' 

Another possibility of the heating is t he using of 

the back current, whos e di ssipation also leads t o t he 

excitation of LF - oscillation lIlld to the heating of 

plasma l15, 16 J ; The advlIlltage of t his method is t hat 

the back current transform the energy directly to the 

ion-sound oscillations. The shortcoming is t hat the power 

of back current is a small part (~. I )2 of the IHp 
electron beam power. Therefore the beating time is essen-

tially growing SO that the working out of the sources 

wi th a great t ime duration is neces8ary~ Let Us compare 

the effi ciency of heating to the transformation HF into 

LF osci l lations with a heating by the back current. The 

ratio of t he values obtained in these two Cases is deter-

mined .by the relation 

(n r T) tHHCo."j 

" n - 10 p I 

= 

,,-
1'1._10 

The extimates, carried out above, t he experimental investi­

gations wit h a low-powered high-current be ams show t hat 

in principle t he collective mechanism ot the heating 0 :( 
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plasma with a density 1014 1. 1018 cm-3 by the beam is 

realizable. 

v; It is also advisab le to dwell on the role of plasma 

non-homogenel ty in the processes of the wave transformation. 

We consider first of all the question about the linear 

wave transformation in ~he non-homogeneous plasma - beam 

discharge ( L<l.>,> Wp ); The main pecularity is the 

strongly pronounsed anisotrophy of the transformation pro­

cesses;' Remember first of all that when propagating in the 

direction of density growth ,""cited p~ ... ma wave. with a 

high reflection index are being transformed into radiated 

transvese oscillations and at the inverse propagation are 

strongly being transf~rmed into Langmuir oscillation and 

are being damped t 17 F It ~s essential how the beam modes 

transform into plasma ones. The exact analytical theory 

for the case of nonhomogenei ty smoothly ch8l!ge<i along the 

magnetic field shows that the slow beam mode, propagating 

into direction of large density begins to transform partly 

into transverse wave that does not amplify and then the 

amplification of the beam mode occurs. When beam mOvieg 

into direction of the desc~t . of density the amplified 

Langmuir wave is arising, i;e. the effective plasma heating 

is possibls; Thus the plasma nonhomo geneity along the 

strong magnetic field promotes the heating of p~asma but 

by itself the nonhomogenei ty doee not lead to increasing 

of radiation of transverse waves~ On the other side taking 

into aCcoWlt the transverse nonhomogenei ty the slow wave 
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of space charge (with a negative energy) flows out of 

the beam into plasma and excites the plasma osc~llations 

which are being amplified i n the beam direction. From the . 

calculations it follows that the coefficients of transfor­

mation (Q ) and amplification (K) in this case are 

connected by the next relation 

Ifu .f" Q 
4 alii . 

Here 2a - the width of the beam, VS" ' ~L - SI"1up velo­

cities along and across the beam corrsspondently. It is 

also interesting to PaY attention to some features of the 

transdlormation in the nonhomogenei tly plasma of the waves 

axe! too by a narrow beEUJl~ The influence of the nonlinear 

effects and the plasma temperature is growing VIi th a . . 
growth of the beam energy; So t he maximum coefficient of 

the transformation into the 

verse wave Q2 : l ~~ )' p'l1 
second harmonic of the trans-

~ 

( k is the value of the 

magnetic field of the <rundament~ wave, r is the para­

meter of the geometrical optics). Here it is orupposed 

that ~' p <Cl 
calculations 

, ,,' where t3 "t ~ 
J cl.. 

show the e s sential 

• Further, the carried 

growing of the coefficient 

of amplification of the decaY process in the singularity 

region of the pump wave field. We also remark that the 

taking into account of the nonlinear terms 1\ i ,,~ of 

dielectric constant of the fundamental wave C8D lead to 

the penetration of the wave over the returning point if 

1\ i ~L » J.. is fulfilled; 
p 
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APPLICATIONS OF INTENSE RELATIVISTIC ELECTRON 

BEAMS TO CONTROLLED THERMONUCLEAR FUSION-

R. N. Sudan 

Laboratory of Plasma Studie~, Cornell University, Ithaca , New York 

INTRODUCTION. Technological advances have placed at our disposal intense electron 

beams with truly imposing characteristics ; in electron energy up to 15 MeV, in currents 

above 106 A, in total energy per pulse up to 3 Mj, in power up to 1013 w, in oeam 

current density up to 5 x 106 A/cm2 , for pulse durations of order 102 nsec. The 

availability of this powerful source of energy cannot but make a strong impact on 

our thinking with regard t o Controlled Thermonuclear Fus~on Research, electron and 

ion collective accelerators and related problems. In this . talk because of limitations 

of time, I will address myself to nuclear fusion applications only. Broadly speaking, 

E-beams can be employed in currently popular magnetic confinement ~chemes or more 

dramatically, they can compete wit h lasers in inertial confinement schemes that 

involve zapping a suitable solid target with a high power source. l ,2 

The principal roles for E- beams in magnetic confinement schemes are (1) plasma 
. 3-17 

heat1ng and (2) creating minimum-lsl field geometry in toroidal 
18 

systems, e.g. 

the Astron. Success here depends critically on the ability to inject and trap beams 

in an appropriate magnetic field . . Injection into a configuration with open lines of 

force is relatively straightforward. On the other hand, injection into a toroidal 

c l osed-line geometry requires greater ingenuity, and I will discuss later on some 

schemes for such injection. The major problems for inertial confinement schemes 

are concerned with pulse compression to create shorter pulses S 10 nsec and beam 

focussing
19

-
22 

to approximately 108 ~ 109 A/cm2 . I will now treat a few of these 

problems in some detail. 

HEATING OF MAGNETICALLY CONFINED PLASMA. Plasma heating by E-beams in the density 

range of interest is in large measure due to collective energy transfer mechanisms 

from the beam to the plasma. Of these there are baSically only two viz., the two­

stream instability generated by the beam electrons4 ,6,10,ll,23 and the turbulent 

heating caused by the plasma return current induced when a beam is injected into a 

plasma.S,B Both these processes can occur but in different regimes one or the other 

is dominant. 

Two-Stream Instability Heating. It is well known t hat for a cold relativistic 

beam interacting with a collision-free plasma the fastest growing electrostatic modes 

are those propagating practically orthogonal to the beam. 24 However, as shown by 
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Fainberg , Shapiro and Shevchenko,4 these modes self- stabilize by creating a spread in 

in the beam transverse momentum. In high current beams , there is always an initial 
2 .. 

spread in the transverse momentum Apl = my c <9 > created in the diode and also in 

traversing the anode foil. This spread can easily prevent the growth of transverse 

modes. More importantly, Rudakov
6 

pointed out that since API is accompanied by a 
-1 2 "r'- 2 1.:1 

spread in the parallel velocity of order AV I I/c ..... y (y -1) (1 - Cos <9 > ) 

the strongly unstable 'hydrodynamic ' phase of the longitudinal modes (kl=D) ma\ be quenched. 

Thus it was predicted that for high current beams with sufficiently large <9
2

> the 

two-stream instability is likely to be in the weakly unstable kinetic stage with the 

wave-spectrum dominantly in the beam direction. Several detailed anal ysis 4,6,23,25 

of the quasilinear evolution of this instability have appeared in the Soviet literature. 

The estimated interaction lengths in these calcul ations are wide ly different because 

of different assumptions as to the nature of the dominant non linear process . 

In order to resolve some of these difficulties , I will now describe the results 

of a one-dimensional compute r simulation of a relativistic beam interacting with a 

uniform homogeneous plasma. ID In most of the computations the initial spread in the 

beam velocity AVII/c « (~/2ne)I/3/y so that the instability begins in the hydrodynamic 

stage. As a check, in one of the simulation runs the beam electrons were given a 

distribution in energy which resulted in AVll/c = (~/2ne)I/3/y. The final results 

were not significantly different from those given by an initially cold beam with a 

lower mean e nergy . Figure I shows the results of a typical run with y = 4 and 
-2 

~/np -10 with the beam oold and plasma initially at 1.5 keV. The electrostatic energy 

increases exponentially at a rate predicted by linear theory for the mode with the 

maximum growth rate; 90% of the total energy is in this mode . This mode saturates 

abruptly. After saturation the wave energy fluctuates at approximately twice the 

trapping frequency of the beam e l ectrons for perhaps an oscillation or two. At this 

point the large amplitude wave acts as a pump wave to drive the oscillating two-stream 

instability. Note the sudden rise of ion fluctuations in Fig. I that accompanies the 

decay of the primary spectrum. The observed growth rates and wave numbers of the 

unstable secondary spectrum are in fair agreement with the theoretically predicted 

growth rates for the oscillating two-stream instability26- 28 computed using the 

saturation amplitude of the p r imary spectrum. At high wave numbers where Landau 

damping becomes strong . the agreement is not so good (see Fig. 2). These secondary 

beat waves are close to the plasma frequency we and their wavelength determined by the ion 

fluctuation is about kAO S 0.2. Their phase vel ocity is l ow and they resonate with 

' the tail of the electron distribution function. During this stage the energy in the 

primary spectrum heats the tail of the electron distribution to high energy. The 

wave spectrum at w t 900 is seen in Fig. J showing the emergence of the secondary 
e 

waves. In Fig. 4(a) we see the spread in the beam momentum distribution at the instant 

of wave saturation wet = 375 and in Fig. 4(b) the p lasma e l ectron distribution with 
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its energetic tail is plotted at the end of the sec~nd stage ooet -1000, This stage 

is very similar to the calculations of anomalous electron heating by ,lasers with 

W .. 00 .29,30 In E-beam heating the large pump fields are self-generated by the beam. 
e 
A summary of a series of simulation runs is presented in Table I, The fraction 

K of the initial beam energy which is transferred to the plasma electron is of order 

25\ at the end of the second stage . Of this energy, the tail contains at least 60\ , 

Fol l owing this stage the .waves drop in amplitud~ and the heating rate is considerabl y 

reduced. The fin,al electron energy appears to scale lineaFly with y and %/np' In Fig . 5 

the electric field energy at the time of wave saturation wE~I~12/(8u~mc2yo) is plotted 

as a function of the parameter 5=a2y (~/2n )1/3 from the simulation runs. A similar 
. 0 p 31 

result has been reported by ~latsiborko et. a1. Notice that W peaks at 5"'0.6. The 

curve represents the theoretical prediction which I will discuss now. 

A single unstaqle wave saturates by trapping the beam electrons. 32 , 33 The 

energy exchange between the wave maximizes approximately when the beam electrons have 

completed about 1/2 revolution in phase space. If f(x ,p) is the beam momentum dis­

tribution in the wave f r ame at the time of wave saturation, the energy loss of the 

beam electrons as observed in the lab frame averaged over a wavelength A is given by 
2 )../2 dx 

~mc yW_)"~2 J\ f dp f(x , p) {Yr - y(x , p) + aw(Pr - p(x,p»} - 6£1 + ~£2 

where mCPr and Y
r 

are the initial beam momentum and energy in the waveframe, , -, 
Sw = wolko

c , and Yw = (l- aw ) Let ~£l be the contribution from the (yr-y) term 

and ~£2 from the remainder; A£l represents the spread in energy 

in the mean drift energy . As the wave grows in amplitude 1 A£ll 

and 

and 

A£2 is the 

16c,I both 

change 

increase 

from their initial values; however ~£ l < 0 and A£2 > O. For 5 « 1 the energy spread 

is negligible 1~£11 « 1~£21 and one can regar d the bulk of the beam electrons to 

rotate rigidly in x- p space32 so that the beam which was initially described by f(x,p) 

° {p-Pr1 is now half a r evolution later 'VO(P+Pr1. With this distribution A£l ::: 0 and 

" 5/(1+S) whi ch 
lE I' 

W = _-,0'--',0;-

gives 

1 , S/(1+S) - 3/2 ::: ~ S for 5 « 1, (1) 
l61f~mc Yo 

noting that y"../Yo ::: (l+S) -~ and the factor ~ comes from equipartitioning the wave energy 

between the electrostatic and the oscillation energy of the plasma electrons. For 

5 ~ 1 the energy spread 16£11 bec~~es important . This is evident from Fig. 4(a) which 

shows the beam electron distribution at the time of saturation. If indeed we calculate 

A£l and ~£2 by assuming that the wave amplitude reaches its final value suddenly the 

energy l oss A£ scales more like S/(1+5) - 2 an~ we obtain10 

W = ~ S/(1+5) 5/2. (2) 

An alternative viewpoint is to say that because of th~ increased energy spread in 

beam the effective number of beam electr ons that are trapped by the wave is given 

186 

(3) 

i 

As 

vat 

e.l. 

ac 

of 

io 

by 

he 

vi 



5 , 

,. 

) . 

~ rgy 

oh 

ate 

.e 

AS a corollary of Eq. 2 we con clude that for large 5 the beam transfers a smal.l 

:(Ea::tia1 of its energy to the wave. But from Fig. 4(a) we observe that the beam dis-

trlbution is approxi.ma.tely constant up to sane maximum momentum p 

vation o£ beaa energy we may ca'lclude that the maximum energy 

e1ect:ronS are acce1erated during this state is given bylO 

y~ : 2yo - In(4yo)/2yo 

vbicb agrees veIl with the data shown in Fig . 6. 

max 
to which 

From conser-

the beam 

(') 

What CQIlclusi~ can we draW' fran these simula:tion results? (1) A strong inte r-

actiCXl takes pl.ace for a beam with a narrOW' spread in VII_ ( 2 ) A significant fraction 

of the energy transferred to the plasma ends up in a very energetic tail. ( 3) The 

ioos are ze1atively unaffected. (4) The dcmi.nant nonlinear effects are wave saturation 

by ~ trapping and the transfer of energy in the primary spectrum t o low phase velocity 

beat waves taking place throUlb a parametric instability or ftonl..i.near Landau damping when 

the pri.:aary spectru.. is bxoadened. We have observed nonlinear scattering to s uperluminous 

waves but this effect is not terribly significant for plasma heating. 

A rongb esti...a.te for the interaction time 't
TS 

for rapid energy transfer to the 

p1aslla e1ectrons is to take the sum of the time taken to reach wave saturation and 

the tt.e for the pri:JIary spectrum to decay in the second stage. Since the two-s tream 

saturates in a fev growth times and the second stage i s largely governed by the 

gxcwth rate of the oscillating two-stream instability27 we obtain, 

T : ( .... 10) [4-1 + 4~] • (5) 
TS TS -- ; 2 2~ 

where 6TS1M = 0.87 S/y 2 and 6 I~ = 0.707 (m Im.l (kV) (w - w) where w
R e 20S""e el. ER 0 

III C1+k2 1 2 )1:I, M = 011 (l-S/2y ) is the typical. frequency of the primary spectrum, v
E . e --0 0 e 

eH j.,. and E is deter.i..ned from (2) J typica1ly kl S 0.2. 
o 0 0 0 12 

At the Naval Research Laborato~, JCapetanakos and Hammer have found that the 

coup1inq efficiency of a 400kV r 40ltA r vir:: 1.5 beam to mirror confined plasma is 

opt.ia-. (.:: 25, is c1a.i..ed) when the beam and plasma densities are about equal and is 

i ndependent of the .... gnetic field in the range 2.5 - 5 kg. This result may be 
2 ~ 

interpreted as follows. The r.s angular spread <0 > for this beam is estimated at 

30
0 

whidl gives a spread AVII/V
s 

::: 0.13. As observed e arlier, for strong interaction 

.5y -
1 (nJI2n

p
)1/3 ~ AVII/VB which requires nt/np '" 0.25. Thus for high current E-beams 

1Ihich .in genera1 have a finite spread <0
2>1:1 the two-stream instability is strong only 

Mben n.!Dp is abo1le a critical l..iai.t. This is also a feature of the experiment reported 

i .r Goldenbaua et. a1-14 where a l.MV. 50kA beam was injected into a weakly ionized He 

;l..asIIa of initial density 5 ]I: 1012cm-3. During the pulse the density rapidly 

builds up to 5 ]I: 10
14 

and the electron temperature (as measured by observing the 

intensity o f the B n4686i line) julllPS to 500ev (initially "'le v) in l ess than 25 nsec . 
• 

CDpious eJU.ssiOll of X-raysr .in the energy range 50'" 400kv with a maximum about "'200kv, 

is observed during ~ pu1se... '.l'his supports the prediction that enerqe tic tails 

10 in the p~ electron distribution are created (also a spr ea d , 
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• 

of the beam electrons to l ower energies). Furthermore, since burse of hard X-rays 

are observed about 10~sec after the beam pulse, energetic electrons must be confined 

by diamagnetic currents as the external magnetic field did not have any mirrors. 

Return CUrrent Heating. The magnetic energy per unit length W
M 

for a beam of 

radius 'a' propagating in a conducting tube of radius 'b' is given by 
. 2 1 2 

WMfNmc y = 2 (v/y) a L (6) 

where Nmc 2y is the beam energy v 3 Ne
2
/mc2 and L 

1 '2 + 2 .tn (b/a) is the 

per unit length and a ~ VB/c . As v/y approaches unity the Alfven-Lawson 

inductance 

limit,34 

clearly propagation is not possible . When such a beam is injected into an ionized 

medium a return current lp equal and opposite to the beam current is induced within 

the beam if 'a' exceeds the electromagnetic screening length c/w , 35-38 thus neutralizing 
e 

the magnetic field and allowing the beam to propagate. This is not a steady state 

however, because as a result of the finite conductivity 0 of the medium, the induced 

currents wil l eventual ly decay with a characteristic time T ~ 4woa
2
/c

2
, the magnetic 

field builds up and energy is dissipated in the plasma . The amount of energy dis­

sipated per unit length, K, is given by5 
t 2 t t 

K :: fIR dt = f I 2! dt - f dt !!...., (l:ILI 2) - I 41 - ~LI2 (7) 
P e dt dt B o 0 0 

where I Ip t le the net current, 41 = LIB is the flux linking the beam 'current and 

we have assumed that for 

a large drop in energy. 

K = (2f - f2)W 
M 

a relativistic beam IB remains reasonably constant even with 

If the net current at time t is the fraction f :: I/Ie then 

(8) 

The maximum value of f = lA/le because by then the net ~urrent equals. the Al fven­

current and propagation ceases by virtue of Eq. (6). Thus 

I n practice a guide magnetic field is necessary for stable 

(9) 

operation whose magnitude should at l east exceed the self-field generated by the net 

current I . Assuming I • 
. B 

1 MA, Y • 

The time ~Cneeded for this energy 

3, L 

to be 

= 4.5 ~henries/m, we have Kmax - 23 k j /m. 

deposited is5 

'RC 
. (lA/le) (4Troa2/c

2
) (10) 

which depends critically on the conductivity. If the drift velocity of the return 

current Vp = c("b/np) is l arger than the electron thermal vel ocity Ve or even the 

ion-acoustic velocity Cs then clearly we expect turbulent fluctuations to be excited 

and the conductivity should be governed by "turbulent" collision frequency v* 

determined experimental l y or theoretically by such expressions as sagdeev's formula
39 

- 2 14 -3 2 
v* 10 (V /C ) (T /T.) w

i 
Taking n 'U 2 x 10 cm , beam densi ty 'UlOkA/cm and 

10pse.l. p 2 
v· 'U 10 for these conditions we obtain TRCS 10 nsec which is about the pulse 

durati on of currently avai labl e beams. 

To understand the micro- turbulence created by the return current and its inter­

action with the waves generated by the two-stream instabi l ity we have executed a 
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series of one-dimensional computer simul ation runs including both the beam and the 

return current. The net current is maintained at zero by t he requirements of the 

problem and this generates an average electric field that is given by the quasi- linear 

equations . 

<P' :::: - d3v D,'~ <f , > :: 4'1rv* L :: jja 
=:J 3.!, J w2 -p -p 

(11) 

e e 
where ~ is plasma current density, j refers to the particle species ~ :;: (e

j
/mj)2 < 

6E (x,t) f dt ' oE (x (t') , t'» is the usual quasilinear diffusion coefficient given in 
-- - co --

terms of the f luctuating micro-fields o~. <E> is the electric field that extracts 

energy from the beam and delivers it to the plasma . since v* is proportional to <~>. 

in the simulation runs <E> gives a direct measure of v*. 

Figure 7 and 8 show the rate of electron and ion heating respectively for 

nbfn
p 

:;: 1/9 and a cold beam with y = 2. 4 and 8. The results from an initially warm 

beam with <y> = 3.07 and 6PJ:Po .0.25 are also shown, no qualitative differ ence 

between the cold and warm cases can be obser ved. The peaks in the electron energy towards 

the beginning are caused by the r apid rise of the two- stream instability . A check 

run involving no beam but only a cons tant return current with the same drift as the 

other cases i s also shown. Notice that the r ate of e lectron heating is re latively 

unaffected by the presence of the r eturn current while the r ate of ion heating is not 

determined significantly by the two- str eam i nstabil ity since the case with no beam 

gives comparable heating. Up to about wet 

drifting e l ectrons and i ons is operating (Vp 

500 the Buneman- Budker instability of the 

after this time the instability develops 

, V 
e 

into the 

the electron thermal ve l ocity) and 

ion-acoustic mode because at this 

point Ve > Vp as shown by the electron distribution in Fig. 9 (wet,. 500 ). 

For t he case y :;: 8 the growth rate for the Buneman-Bud1ler instability. 6
B

, is higher 

than the two-stream instability 0T' This results in a slightly higher ion energy at 

wet = 500 because the electrons take longer to heat an~ the transition t o the more 

slowly growing ion-acoustic stage is delayed. The opposite is true for y 2 for 

Figure 10 shows <E> as a function of time and v* = 0.2 W, at w t :;: 500 . , e 
shown in Fig. 11; notice that spectrum The wave spectrum for y .. 8 case at w t .. 680 is 

2 e_n 
is described appr oximately by 1Ekl ak where n is approximately 2 over most of the range. 

Figure 12 gives the ion distribution at wet .. 680 for the case y = 8 . The mean 

ion energy has increased to 0.7 kev from an initial value of '\..5ev. The ions are con­

tinuing to heat at a r a t e given by 1.25ev/w -1. The measurement of energetic ions 
e ' 16 

in a be~-plasma experiment reported recently by Korn. Sandel and Wharton gives an 

ndication of return current 

a 5'\..8 x 1013cm-3 
heating. Beam currents up to 70kA at S 500 kv were 

fully ionized hydrogen plasma in a magnetic mirror l njected in 

:2.5 '\.. 6kg . The perpendicul ar plasma energy as measured by the diamagnetic signal has 

threshold around 8kA 

~t 60kA. Quantitative 

and thereafter . increases linearl y with beam current to '\..lOOj 

estimates as to the r e l ative importance of two-stream instability 
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vs. return current heating are not possible because of lack of measurements of the 

individual e lectron and ion energies . Figure 13 shows the measured relative ion 

distribution for different beam currents. 

Tokomak Heating . For this application we are required to heat a large volume 

of plasma in the density range l013_l0l5cm-3 in magnetiC fields ~50kg. Based on 

pseudo- classical diffusion in an axisyrnrnetric system ¥oshikawa40 computes the fol ­

lowing parameters for a possible fusion device : 

BT (toroidal) 

I (toroidal) 

Major radius 

Minor radius 

For an energy confinement 

50 kg 

2 MA 

256 cm 

64 cm 

time , of 

Plasma volume 

Density 

Ignition energy Wig 

2 x l07cm3 

2 x 1014cm-3 

19.2 MJ 

I sec the minimum power required is p, = W, It B 

19.2 MW. The total energy supplied 
nu.n 19 -1 

by a constant power source is W = Pt, loge(l-Pmin/P) ~ 

Wig for P »P
min 

When P is just grea:er than P
min

, W is correspondingly larger than 

Wig ' It is clear that high power sources like E-beams are competitive for this duty 

and will require the least amount of total energy . The plasma confinement time is also 

reduced since the time required to heat the plasma is negligible compared to the burn 

time. In this application one could tolerate pulse durations of order micro-seconds 

but this needs further development in technology. For this plasma density range high 

vir beams of ~l MA rating will prove effective and the return current heating mechanism 

is likely to be important . 

The main unknown is the ability to inject such beams into a toroidal magnetic 

system. An approach pursued by Brower, Kusse and Heixel41 at Cornell is shown in 

schematic form in Fig . 14. The field line s at the port of entry are distorted by 

the magnetic field of the injected current. The toroidal path length is designed to 

exceed the beam pulse length so that when the head of the beam returns to the entry 

port the magnetic perturbation has disappeared . CUrrents of order 20kA at 400kv 

have been injected successfully into a field of 2kg in a quarter turn torus filled 

with neutral gas at 0 . 2 Torr
41 

The effect of a preionized plasma on the magnetic 

perturbation needs investigation. 

High Density Plasma Heating. Recent progress19- 22 ,42 in focus sing of E-beams 

has resulted in peak densities in excess of 2 . 5 x I06A/cm2, beam density ~1015cm-3 
energy density ~lo20_1021ev/cm3, with total current in the focussed region well over 

WlcA. An attractive possibility is opened up by these well-focussed E-beams to heat 

directly a high density lo17~1019cm- 3 plasma to thermonuclear temperature. Dawson et. 

al.
43 

have cons idered the use of high power C0
2

-N
2 

lasers to heat such a high density 

p lasma . E-beams , however, have the advantage over CO
2

-N
2 

lasers of a much shorter 

absorption length and moreover their efficiency is higher and they are currently 

available in the required energy and power levels. Let us consider a D-T plasma with 

no n/2 . The confining magnetic field for S = 1 is given by 
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B = B.9 x 10-6 (nT)' gauss (12) 

where T the temperature is in eV. The loss rate for 6 = 1 plasma confined in a 

magnetic cusp can be computed by (a) neglecting diffusion across the plasma 

surface and assuming uninhibited collisionless flow through a hole of an ion gyro­

radius in size or (b) assuming diffusion across the plasma into a surface sheath 

and free flow along the magnetic lines of force in the sheath.
44

,45 A rough estimate 

of the confinement times for these two models, without numerical coefficients, are: 

(a) 'a (tiC) (R/r.) (l+r. IR)-1 s , , (13a) 

(b) R(t/OCs)~ ; sheath thickness ~ = (Dl/Cs)~ (l3b) 

where Rand 1 are the radius and length of the plasma spindle and Cs is the sound velocity. 

Introducing the Lawson condition which at T = l04ev is nT ~ 1014 we obtain for the 

input energy 

a 10-2 Rl'2/B .., W
i 

(14a) 

and ~g 5 x 10
9 

T
3/2

(D/n) MJ , when 6 » r i . (14b) 

The choice of 0 follows the fashion of the times . In the post-Bohrn era we 

may pluck enough courage to use the pseudo- classical formula
40 

which for a = 1 

differs only in nwnerical coefficients from the classical. In this case ~ "'6. 7xl0
9

T/B
2 

MJ. 
a l.g l B -3 

For 6~ri' wi provides the better estimate forthe input energy. For B=1. 5Hg ,n=4.5xlO cm 

nR
2L"4 .lxl03 

cm
3

, \'1. =60KJ at T",104ev • At these hi;Jh plaste. d:!nsitiEs rebJrn a.trIent he:tt:in:J will. n:::t be 
'g 

particularly effective because T which scales as n~ (assuming v* Q w.) can exceed 
RC p 1. 

presently available pulse durations. The two- stream instability heating time that 

scales as w
i 

(because of the parametriC instability scaling) can be much shorter 

than the pulse duration . ASSuming that the bulk of this energy is transferred to 

energetic electrons this energy equilibrates with the ions by Coulomb collisions in 

a time much less than the confinement time . The energy requirement is of course much 

reduced if uninhibited flow is disallowed in the plasma sheath postulated in model 

(b) . Expe riments on a reasonably large scale (~105g,"'50kj beam energy) are needed to 

establish the scaling of the loss processes in this high density , high a regime. 

FOCUSING OF E-BEAMS FOR SOLID-TARGET HEATING. There has been moderate success in 

radial compression of E- beams by guide magnetic fields and by injection into cone­

shaped conductors. However strong focusing has been reported i n those experiments 

in whi ch the self-pinching forces of high vir beams are utilized within the diode 

itself. By forming a dense plasma channel with an exploding-wire discharge within 

the diode , Vitkovitsky et. al.
22 

have claimed current densities in excess of l07Ajcm2 

at the anode. The current of electr ons greater than 40 kev is about 2 x 105A and 

has a half width by order O.lcm. The electron energy fluenceat the target is ~40kj/cm2 . 
Current densities of 5 x l06Ajcm2 have also been achieved by Yonas et . al.

21 

They have also numerically computed the electron traj ectories in the diode. The electrons 
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emitted from the cathode! x ~ drift towa.rds the diode axis for high v/y beams . 

The presence of a plasma in the gap (whether self- produced by exploding wires 

or externally introduced) appears to encourage the pinching of the beam by pro­

viding space-charge neutrali:l.atiorl. />iuch needs to be done both experimentally 

(by way of diagnostics) and theoretically before a clear picture emerges of the 

physical processes occurring withi n the diode. 

MAGNETIC ~IELD SHAPING (ASTRON and RELATIVISTIC COILS). By injecting high current 

E-beams i n to a neutral gas at a pressure of a fO\1 hWldred Torr, Andrews et. al .
18 

demonstrated that fully reversed E-layerz can be created by a single pulse in a 

magnetic mirror field '\.o220g . Later t::xperiments 46 have shown that such strong E­

layers are focused by thei r self-fields into a doughnut configura t ion which i s in 

line with the equi l ibrium of a re l ativistic electron coi147. These E-1ayers appear 

to be stable and their lifetime is in large measure determined by the scattering 

time of the high energy electrons with the background4~Ss~8 AA externally applied 

toroidal Be field stabilizes the "dump" of the layer that occurs when the r;::ll Bz/B
z 

on axis has dropped below a critical level. Recently Fleischmann and collaborators49 

Corne ll have been successful in creating E-layers \~ith 1; (initial) 0 . 8 which 

have a lifetime 

of 1039 at "'1 

of '\.o12011sec by injecting a 3. 5.HeV , 50 kA beam i nto magnetic field 

Torr pressure H • 
2 50 

At Livermore the Astron Gr oup has also tried injection into neutral "2 at 

0.1 Torr. E-layers with ~ ~ 0 . 4 and lifetimes of '\.olmsec have been obtained by a 

single pulse of a 6MeV, 650A, 340nsec beam. A toroida1 Be S B
z 

'\.0 500g is found to 

increase the beam trapping efficiency to 50\ and circulating currents in excess of 

13kA are recorded . Both at COrne l l and Liverrnore the precessional i nstability of 

these layers is stabilized by the Ba field. 

These results are very encouraging for the concept of relat ivistic electron 

coils. YoshikawaS1 has suggested the Astron-spherator in which Be » B
z 

and the 

beam~inforce-free equilibrium to minimize the synchrotron radiation losses that 

appear to doom the Astron concept using E-layers. 

When the toroidal current of an axi- symmetri c toroidal system i s supplied by 
51a 

an injected E-beam (or runaway electrons) the equilibrium differs from the usual 

MHD cal culation only by the effect of the centrifugal forces on the beam . The 

center of a 

which is47 

beam propagating in a cold plasma is shifted outward by an aJIDunt 6B 

6. °MHD + 

2 
r 
-"-­

R 
(15) 

where 0MHD is the expression given by shafranov~2R , rc are the major and minor radi i 

of the conducting vessel, rp is the plasma radius, IO and Il a re Bessel functions and 

~ = rp~/Y~c. These calculations have been ext ended to a beam propagating in a 

p lasma with finite pressure . 53 
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The stability of the Kruskal-Shafranov mode for such a beam-plasma system 

has been computed by Lee
54 

for a pressureless plasma and a cold beam. The 

maximum rotational transform consistent with stability is 

Va/C, This indicates a slight improvement in stability 

when the E-beam carries the toroidal current. 

ELECTROMAGNETIC AND MHO INSTABILITIES. Because of the short duration of the E-beam 

pulses many MHO instabilities e.g. the firehose, do not occur or they are easil y 

suppressed by a guide magnetic field. Instabilities that do not involve significant 

motion of the ions however could occur. For a magnetically neutralized beam there 

is the possibility of \'i'e ibel-type instabilities. 3 
A perturbation in density which 

is constant along the beam creates an uncompensated current since the change in 

plasma current is small. Electrostatic neutralization is maintained by the high 

density of the background plasma. This mode again is stabilized by a guide magnetic 

field. A quadratic form for thF> perturbation frequency w is easily obtained in the 
55 

limit of cold beam and plasma, 
2 b 2 2 

2 g2 W bo f 0 drr('b (r)/'bo) (8e+8r ) 

w y' -Y-/:rdr(B;+B!(l+r2/~2~» 
(16) 

where n '" eBe/mc, W ba is the beam plasma frequency on axis, Br and Ba are field com~nents 

of the perturbation AE = C/We and 1 is the aximuthal mode number. since the typical 

s ize of the filamentation is of order AE a transverse spread in the beam momentum of 

order llpl (: m('b/np)\c will stabilize this mode. 

Hollow annular beams of high current density, propagating in an ionized medium 

have 

much 

been observed to break up 
56 

greater than AE. A clear 

into non-rotating flutes, but the scale lengths are 

explanation for this destruction does not exist at 

present. There is obviously need for more theoretical work in this area . 

Finally, I woul d like to add that it is timely now to take an interest in the 

generation of high intensity ion beams as these could have many uses both foreseen 

and unforeseen. By suitable modifications of E- beam technology viz, the suppression 

of the electron current by strong transverse magnetic 

ion-emitting surface plasmas at 

to create ion beams in the l05A 

the anode by powerful 

range. 

fields and the creation of 

lasers:
7
it might prove feasible 
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Bo2yo (nb/2ne) 1/3, W = IEol /16nnbmc2 is given i n 
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energy gained by the plasma electrons after the 
second stage is denoted by K. The initial 
plasma electron temperature is Te ' In all runs, 
except Rs , which had a mass of 500 , the ratio 
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20,000 ions , 18,000 e lectrons, and 2000 beam 
elect rons . 
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PUlSED FUSION OF PELLErS USING EJ...&:!TRON BEAJ.fS OR IASERS * 

E. H. Beckner, J. R. Freeman, J. B. Gerardo, 
E . D. Jones, A . J . Toepfer, and G. Yonas 

Sandia. Laboratories, Albuquerque, New Mexico 87115 

Abstract 

This paper Is concerned with Ilssess'ing the physical and technological 

concepts and barriers which are important for pulsed fusion of pellets 

using relati ..... istic cle ::::tron bea."r.3 or lll::ers. "!e d:!.scus s !'ecent r.~e:!'icel 

calculations of pellet dynamics for the two cases in order to illustrate 

the similarities that exist and to indicate the signific~t differences 

which can be utilized in the spatial and temporal scale of the implo-

sions . These calculations specify the experiment al parameter r egime 

which must be achieved , with input energy ranging as low as a few hundred 

kilojou!es in the case of electron beams and a few kilojoules in the 

case "of lasers; power densit"ies " in the two cases tend to be comparable . 

An assessment of current technology, including some new r esults for 

electron beam ptunped lasers, is then made for compa~ison . Finally, we 

present our assessment of the remaining physical problems and the solutions 

required for achievement of fUsion break- even expertments . 

• This work was supported by the U. S . Atomic Energy Commission. 
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I. Introduction 

The concept of producing a thermonuclear plasma by imploding a 

solid pellet with either lasers or electron beams has by now been well 

1-8 
documented. It I s the purpose of this paper to assess these approaches 

at this point in time, particularly from the view of the present level 

of understanding in theory, the existence of laboratory capabilities to 

test the concepts 1n the near or foreseeable future, and the existence 

of concept s which may be scaled to fusion reactors . 

The essential laser fusion concept is best illustrated by the 

8 multibeam laser i rradiation facility of Easav, !! al J and by the 

2 predicted behavior of laser- imploded- spheres presented by Clarke, et al . 

In the case ot pul!led f1.tsion ... rith electron beaml;l j the r-Cl~t . r€,('~r}t i .(!"'f!!; 

and results were presented by Babykin, et al6, and by Yonas, et al7 . 

It is now clear that the previous concerns regarding focusing of electron 

beams to dimensions appropriate for pellet fus i on were overly pessimistic, 

and that the ready availability of large pulsed accelerators will motivate 

experimenters to attempt pellet fusion experiments with electron beams 

in the near future. We see then that, whereas the fundamental ideas 

are better developed in the case of laser fusion and the experiments 

though small -- can probablY be better understood, the existence of 

laboratory facilities· to do electron beam fusion at levels of 10 ' s to 

1000 ' s ot kilojoules makes it difficult to predict which approach may 

be most successful . This is particularly .true since so very much of ' 

what we think we now know about laser fUsion has been developed onlY 
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~ an experimental result was obtained; we have to assume that the 

significant new focusing results for electron beams?' 9-11 is a prelude 

of similar things to come as beam deposition and pellet experiments are 

attempted. 

11. Energy Absorption Processes 

The subject of absorption of high-intensity laser energy by p1asmas 

has received an enormous amount of attention recently.5, 12-23 This is 

not surprising since it is quite complicated for any laser-plasma heat-

ing scheme; fUrthermore, in the case of laser fusion, the pellet implo-

8ion dynamics are inextricably interconnected with the absorpti on 

proC!esses: particularly those which give rise to substRntial quantities 

of reflected laser light and/or production of nontrivial quantities of 

. 12-14 15 17-21 
energetic electrons. We now know from theory and experiment ' 

that laser intensities comparable to those required for efficient pellet 

compression give rise to anomalous reflected light intensities (probably 

Brillouin scattered), to copious quantities of anomalously hard X-rays 

(evidence of non-Maxwe1lian electron distributions), and quite possibly 

to neutron production via processes which bave nothing to do with the 

thermal temperature of the ions. 24 Although these developments certainly 

make successful pellet implosions more difficult, the problem as a 

whole still appears to be surmountable . These developments do make it 

clear that intelligent pellet deSign snd l aser pulse shaping will be 

important; however, the r apidity with which theory (particularly compU­

tational physics) is being successfully applied to experimental findings 

m~es the expectations quite bright for successful results. 
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Now, turning to implosion 01' pellets w1 th electron beams, we 

simultaneously find much in common with laser fusion, as well as several 

new features. The details of the _material presented her~ are contained 

6 in the papers presented at Erice, Sicily, and at this conference by 

25 Yonas, et!! • They can be summarized as follows: (1) advances in 

beam focusing during the past year, as illustrated in Figs 1-3, now 

make these pellet fusion concepts a realistic fusion concept; (2) focus-

ing of relativistic beams in plasma ~ ~ i s the most important 

new beam focusing development, as il~ustrated in Fig 3; (3) collective 

effects !!!!l ~ important in the energy absorption processesj (4) the 

unneutralized sel.:f-field of the beam ~y play a vi tal role in focusi08, 

depoSition, symmetric compression, and possibly confinement. There 

are tyro particular aspects to this last statement. For highly focused 

beams., magnetic effects dominate over elastic scattering of laser 

electrons even in solid targets. This ~ be demonstrated by consider-

ing the quantity: 

This relates the r.m. s . divergence of the beam envelope due to scatter­

ing, y, to the Larmor radius, r L• In this equation y and 13 are the 

usual relativistic symbols, a i s the beam radius, IlIA is the ratio of 
, 

beam current to Alfven critical current, and L is the charac~erlstic 

scattering length in the material . FOr y/r
L 

« ~ scattering will be 

less important than magnettc effects, and when magnetic effects domioate, 
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we can expect, for hydrogenous materials, that beam electron ranges viII 

be significantly shorter than classical coulomb ranges . Fbr example, 

a 3MV, 3 MA, 1 mm beam into s~lid D2 yields 'Y/ rL =- 0 .03. Hence, thes e 

effects may a l low for decreased pell et sizes and r esult in "break-even 

experiment" pr ojections at levels of 100 kJ - 1 MJ ut i lizing 10- 20 os ec 

4-5 beams, rather than the 1-10 MJ required otherwi se. 

Ill. Computational Studies of Pellet Implos ion Phenomena 

Ther e now exists substantial literature on laser-dr iven implosions 

2 of spher ical targets, culminating with the calculations of Clarke, et al , 

which predict net fusion gain from solid shells and spheres irradiated 

with as little as 2 .2 kJ of prec i sely tailored l aser light. llor e con-

servative ' ideas tend to suggest that 10- 1000 kJ will be required for 

laser break-even experiments. 3,5',26 In any case, it i s cl~ar at this 

point in time t hat, in order to reduce the r equired input energy as much 

as poSSible, computer experiments are tending to s pecify an increas ingly 

high l eve l of sophi stication for the p~posed pellet implosions. Fig 4 

illustrates this qui te vividly by shOWing the dramat i c change in fusion 

yie ld that results from small changes in input energy rate, Eo ' If 

larger quantities of laser energy can be supplied, then much of this 

sens itivity disappears; unfortunately, ' t he real experimental capabilities 

for the near future do not indicate laser energies much in excess. of 

10 kJ (even from arrays of lasers), so we 'are ~equirea to examine 

seriOUSly these theoretical predictions and prepare the laser pulses 

accordingly . 
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In the case of electron-beam-driven implosions, the increased 

energy available makes it possible to use less sophisticated concepts 

and procedures , though by no means trivial onesj " furthermore, the 

question of high-quality beam focusing is much more pertinent to this 

problem. We 'W'Ul have to look in detail at the experimental problems 

associated with uniform irradiation and compression of a sphere Later 

in this talk, but will defer that problem until then so as to maintain 

continuity. For now, we want to present some theoretical results of 

implosions of solid lJl' spheres irradiated by a high v/y electron beam 

possessing a rather specialized pulse shape . These r esults are shown 

in Table 1. 
•• 2 

Calcul.B.tions (a) and (b) use waveforms of E = Eo (1 - t/r r , 
whereas case (c) I s for a square wave input of 0.5 nsec duration . 

TABLE I 

COMPUTATIONAL RESULTS FOR SOLID In' SPHERES IRRADIATED BY TAILORED ELEI!TRON BFAM PULSE) 

(a) 

(b) 

(c) 

Diameter Mass Total &-Beam Total Pulse Peak Power FUsion Energy 
(cm) ~ Ehers;l !MJ} Lens.:!:h (os) {watts ~ Produced !MJ) 

0.1 0.11 0.1 36 5 x lot 4 2 . 0 

0 .24 1.5 1.0 36 1.44 x HP 46.6 

0.1 O.il 0.1 0.5 2 x lot 4 0.003 

The importance ~f pul se shaping for these simple geometries i s easily 

illustrated by comparing the density profiles near the time of maximum 

compression for shaped and uniform pulses. Fig 5 presents this comparison 

for (a) and (c), the 0.11 mg cases shown in Table I. Case (c) is an 
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14 identical sphere to case (a), but is driven by a 2 x 10 watt pulse 

depos ited uniformly in time for 0.5 nsee. The lower central density 

for the uniform deposition reduces the rate of thermonuclear energy 

production and reduces the alpha particle trapping efficien~y such that 

the fusion energy produced decreases to about 3 kJ, compared to 2 MJ 

produced by the shaped pulse case. Since pulsed electron accelerators 

inherently tend to produce output pulses with power increas i ng with time , 

the calculations for cases (a) and (b) are not too unreasonab l e. Our 

choice of this particular waveform was influenced by the publisbed results 

2 
of Clarke, et al It now remains for us to perform similar calculations 

for shaped pulses more representative of "achievable " machine wavefonns . 

Preliminary results to date indicate that judiciOUS adjustment of all 

the variables available to us will produce "break- even" calculations with 

input energies substantial~ below 1 MJ. 

These r esults for solid DT spheres are based on electron ranges 

str ongly influenced by magnetic effects so that the nominal electron 

range is '" r L' and they assume carefully tailored and repeatable beam 

current profiles . 

From calculations l ike those shown in Fig 5, we conclude that power 

14 16 / 2 densities'" 10 - 10 watts cm will be required for break-even experi-

ments. The \Ulcertainty in this number comes from the fact that our 

pellet designs have not yet been aptimized and from the fact that we do 

not know the importance or consequences that may accompany the self-

field effects of the beam as it is stopped in the target. We feel that 

the electron renges will be considerably shorter than "classical 
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ranges" -~ more nearly the Lannor radius of a beam electron ~_ but wi l l 

have to wait for experimental verification of this . 

IV . Reviev of Experimental Results and Capabilities 

Since this paper is primarily devoted to e l ectron beam approaches 

to pulsed fus ion, we will comment mainly on r ecent observations of 

focus ing of beams and heating of solid materi als with beams t o produce 

neutrons . A number of workers have reported production of DD neutrons 

in excess of 107 n/burst by irradiating deuterated polyethy1ene with 

tightly focused intense electron beams .27- 30 Both Stephanakis , et a130, 

and McCann, et a127 , assert that they observed thcnnonuclear neutrons , 

although other autho!'s are uncertain. If computeT codt's s r (' applied t o 

these cylindrical or slab geometries , one quickly concludes that beam 

electrons of "classical ranee" could not drive t he material to suffici ent 

t emperature to yield DD neutrons. However, at least two other observa-

tions on f ocused beams are important her e : 10 Yonas , ~ al ,report 

obse rvations best described as magneti c confinement of blowoff plasma 

vhich could affect the hydrodynamics of the problem; Vitkovit sky, et 

a131 , report that a tightly focused bEam interacting with a high denSity 

exploded ~\l ire plasma. can result in more than un order of magnitude 

reduction in enerBY of a substantial number of beam el ectrons. An 

additional observation regarding intense beams - - that of collective 

ion accel eration -~ must necessarily be discussed when the subject of 

neutron production is treated. It i s well established that intense 
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electron beams can be responsible for acceleration of nontrivial quanti-

ties of ions to energies comparable to, and even greater than, the bewn 

electrons .32,33 The conditions under which this occurs are often samc-

what special , however , so it is not possible to make conclusive state-

menta regarding the importance or nonimporta.nce of cOllectively accelerated 

ions in the experiments in which neutrons have been observed . The subject 

is, in f act, more controversial than we have implied with Dradley and 

Kus wa
28 

showing that accelerated ions were important to their experiments 

31 and Vitkovitsky, !!. al ,stating that such a mechani sm was not required 

to explain their results . 

14-16 / 2 . He stated previously that power dens ities of 10 watts cm w~ll 

probably be required for fusion experiments. Several researchers have 

already reported> 1012 'Watts/cn? from present machines .10, 11,31 Hence , 

it appears that 'We may already be c l ose to the required power denSity 

levels. It is much more difficult to be confident that uniform irradia-

tions of mm- sized spheres can be accomplished. The ideas presented by 

Yonas, .=! a125, earlier at this conference represent our best thoughts 

at this time. They depend heavily on a symmetrizing effect accompanying 

the electron beam by virtue of the large spread in angles of the incident 

high v/V beam electrons . As a result , the beam behaves as if it were a 

high-tempe rature electron gas rather than a parallel flux of partiCles, 

and the required Gyruruetric irradiation appears possible. It seems 

unlikely that an array of electron accelerators can be Illade to irradiate 

simultaneously sectors of spheres, in a manner s imilar to that considered 

for laser fuSion, primarily because of the inevitable pl~blems associated 
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with return current from the pellet required to prevent electrostatic 

charging of the target. 

We v i II not dwell on conventional laser approaches for laser fusion 

since they have been treated in other sessions at this conference. 

Though the multibeam irradi ation approach is conceptually simple, it is 

proving to be difficult to implement at energy input levels desired for 

meaningful experiments . We are all aware of the advanced facility of 

Essov and co_workers6, of the development of a 10 kJ multibeam Nd:glaSS 

laser i rradiation capability at Lawrence Livermore LabOratory34, and of 

the LASL CO2 

facility35. 

laser development program intended for a multikilojoule 

Our approach at Sandia has been to develop 

glass laser irradiation facility for physiCS studies36, 

a four-beam Nd: 

as depicted in 

Fig 6 . This facility is capable of providing up to 500 jOules of laser 

energy delivered to a freely-falling solid sphere of CD2 or LiD. 

Previous work obtained with a single-beam configurati on was repol~ed by 

23 Ol sen , et a1. Experimental results from the four-beam facility will 

be reported later. Another aspect ~f our program centers on utilization 

of i ntense electron beams for excitation of high-pressure gas lasers 

for future applications to laser fusion. These experiments are repre­

sented by the work on the nitrogen laser of Patterson37 shown in Figs 7 

38 * and 8 1 by the work of Gerardo and Johnson on the Xe2 laser shown in 

Figs 9 and 10, and by some recent work by Gerber and patterson39 on HF. 

EVen though the HF laser system possesses extremely high gain and, as 

such, appears inappropriate for application as a laser amplifier, the 

promi se of unusually high energy output may compensate for these short-

comings. As we noted earlier 1 so l ong as only "kilojoules or less " of 
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laser energy are available , then the fuel pellets must be very small, 

the irradiations 

However, Zharov, 

done meticulousLY, and the 

40 et al ,recently reported 

laser pulses highly tailored. 

efficiency of conversion of 

electron beam energy to HF l aser energy of 150-l8~. That experiment 

provided only millijoules of output from an atmospheric mixture of H2 
and F 2' Now, Gerber and Patterson39 have produced in excess of 200 

joules of HP laser energy at a power level of 4 G watts from a mixture 

of SF
6 

+ C
2

H
6

. The efficiency of conversion from beam energy (2 MV, 

50 kA, 70 nsec) to HF laser light was ~ 1~. These results are shown 

in Fig 11 . The electron beam for excitation was obtained from the Reba 

accelerator as in the xe; exper iments of Gerardo and Johnson .38 There 

are obvious diffi culties associated with high-gain laser media like these, 

but i f 10 ' s or lOO ' s of kilojoules of laser energy can be obtained in the 

near future , it seems inevitable that we can .f1nd a good way to apply it 

to the pellet fusion problem. 

V. Required Solutions to Physics and TechnolOgy Problems 

We now attempt to present our opinion of the important physics and 

t echnolOgy problems remaining to be solved in the next few years of 

pellet fus i on research. These results are shown in Table II. The ratings 

dis played of 0, 1, 2 refer t o the degree to which we f eel the problem 

i s near so l ution : 0", no progress as yet, 1 = some progress reported , 

2 = considerable progress reported. 
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TABLE II 

T.EI:mWWGY PROBLEMS 

Lasers Electron Beams 

Energy 1 2 

Power 2 2 

Pulse Shaping 2 1 

Focusing 2 1 

Concept for Spherical 
Irradiation 2 1 

PHYSICS PROBLEMS 

1£l.ccr::; Electron B:::cz::.::; 

Input Energy Absorption 2 1 

Pe Het Des igns 2 2 

Focusing of Ehergy 2 2 

FUsion Reactor Concept 2 1 

The conclusions to be draYn from this are obvious. Lasers must 

be developed capable of delivering at least io kJ in a singl e nsec 

pulse in order to have any hope of demonstrating fus ion break- even . 

Meanwhile, several laboratories a.re pursuing experiments to examine the 

basic physical principles of the problem . For a fusion reactor to 

become a reality, it wi l l be necessary for megajoules of laser energy 

to be supplied, and that almost without question requires the discovery 
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of a new laser system. In the case of electron beam fusion , it is easier 

to predict we:ys of supplying the necessary energy than to be confident of 

a means of assembling compressed pellets with i t. I n this case, the 

most crucial work to be done is that of demonstrating the validity of 

these preliminary ideas on focusing, energy deposition , and spherical 

irradiation. 
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Fig 1 The Sandia SLIM accelerator used for numerous beam 

focusing studies, This accelerator consists of two 

sets of paral lel-plate Blumlein lines, with m;ylar 

insulation, feeding a field emission diode . The 

nominal pulse output characteristics are: 300 kV, 

250 1"", 100 nsec. 



)­

f­
in 
z ... 
c 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

Fig 2 

o 

CURRENT DENSITY VS RADIUS 

I 
I 
r---PINHOLE RADIUS 

I 

.,+ , , 
\ 

\ 
\ 
\ 

\ 
\ 

t , 
\ 
\ 

~ 

.05 

, 
\ , 

\ , 
'1-, , , 

", 
..... ------~-

.10 .15 .20 .25 

r in cm 

X-r~ pinhole photograph showing the focused beam 

size obtained with a plasma filled diode (exploded 

wire plsE:mfl) on SLIM. 

217 

.30 



N ... 
CD 

Direction of Injected 
Electrons 

~:·lJ~f~1~~~"" '·'· · 

'. 
Wire Plasma 

(Reoion of Charoe 
Neutralization and 

No Current Neutralization) 

Fig 3 

..... 

ANALYTIC THEORY 

(To = 100 keV) 

Theoretical results obtained in studies of beam 

focusing in plasma filled diodes. The figure shows 

only the central region of the diode (assumed in these 

calculations to be electrostatically neutral) with 

electrons entering from above, with large angular 

spread, and subsequently focused at the anode. 

., 
"0 
o 
c 
<l 

Electron 
flow 



~ -.0 

VOLUME 30. NI':~"'u 3 PHYSICAL ·REVIEW LETTERS ISJANUAR\'ltF_\ 

.'~ ITI] 10" 
tit WS E

9
·tro._· ... • Cel • 

tOl _____ 

':r:uf 
, , C.I 

'0
0 

, , , 
t·CWI 

,- 10' 

o . .' 
10' 

• ~ . . 

10' 
, .. ' 

10 10' 1010 ,;i' 

/' 

to CWI 

.. 
10' 10· / 

10
4 

r-T"I 

10· 10' 10' 10' 10° . 10' 

CbI 
lOt · ml,.~) 

10' I~ 

.' "r )Cdi~ 
E.,:'IItJI 

Ew ~Rl 
EOUT(ItJ) 102 -

TiCk.V) 

,-30Ins, 

10' 
104 

I I • 
10-" 100 -L ' 

20 40-60 10' 10° 102 

'1~/cm3) 
10' 20 .. 0.01----0.06 

EwC",1 Rlcml 

... DT shell :md sphere pcrformanee m:l.r:J.ctorisUcs : (a' YJr versus E, for Cl) 3"'Vg, 2 .2- kJ, (2) a-pg, 3,5-
kJ, (3) 1.5-"g, 5.3· kJ, (4) 10.S,lg, 1.5-kJ, (~) 2G- ,IC", 18.2-kJ, (6) GO~g, 43-kJ, and (7) 250-jJg, 178-kJ shells 
of lnltL"lilnllcr r:ulius 11 ;-.jA'< 10.1 cin. uodcr profUe (1) with T:~30 ns('c andp -1.S1S, (bJ Input cn('I'SY thr('shuld, 
tin -, dctcrmlnatiCln, (cl OllUm:.l io versus nu\ss: soUd llnc, for spheres (,,=20 ns.cc, P." 2); rl."lshcd cun-c, (Ol' 
the shclls DC (a). (d) 6"cg core Lrajectory, T, versus p, for a. GO~g sphere during Its Implosion, thernlonuelcar 
bum, and e~"p!lnsi(.ln , (c) Olltim31 ylelcl raUos versus input energy: !!loUd curves, for the shells (in {al]; lb.shcd 
curves , (or sphcr(.·s. en Y a- \'crsua iDncr rndiu. for 'l.5-p1 sheU. imploded with the optlmtzec1 (1) prolllc for T 
-30 and 12.5 ni'iCc. 

Fig 4 
· 2 

Published results or Clarke, ~ e.1 sholling the extreme 

sensitivity of these pellet compressions to input 

power E , 
o 



~-
E 
u 

~ 
<>. 

DENSITY PROFILES NEAR PEAK COMPRESSION 

SHAPED 

10
1 

100 

Po 
10-1 

1O-4L-__ L-_---' __ ---' __ ......J. __ ---L __ --1 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 

RADIUS Imm) 

Fig 5 Plasma parameters of a solld DT pellet compressed Qy 

input e l ectron bee.ma of: (1) uniform square wave input 

of 1 megajoUle input in 0 .5 nsec; and (2) 1 megajoule 
., 2 

input in 36 nsec with the 'Wavefonn E "" Eo (1 - tIT r . 
'lbese cases (a and c) are detailed in Table I. . The 

fusion yield for (1) was ....., 0 .01 and for (2) vas ...... 50. 

220 

. ,~-,..~ . ~-. . '.. .~ ,. ., - ~ - -



~ _ .•. --- -

• 

~ -

Fig 6 Photograph of the !AG mode- locked oscillator table and 

the firs t bro glass amplifiers. 



,N 
N 
N 

Flg7 !be Nereus electron accelerator and N2 laser excitation 

apparatus. This water coax- line acce lerator provides 

an output beam pulse of 350 kV, 50 kA, 50 nsec. 
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SUPER-HIGH DENSITY LASER FUSION eTR' 

Albert Thiessen. George Zimmermant , Thomas Weavertt , John Emmett. 
John Nuckolls and lowell Wood 

University of California Lawrence L;vermore Laboratory 
Livermore, Cali fornia 

94550 

Introduction and Summary 
During the past three years the USAEC has accelerated the laser fusion 

program in the United States more than ten fold--to a total funding level 
comparable to that of magnetic confinement approaches to eTR [1,2]. This program 
may greatly imp.rove the prospects for cheap, clean. inexhaust i ble fusion power 

1n the foreseeable future . Laser fusion utilizes inertial confinement--which 
was experimentally demonstrated 28 years ago in the first nuclear explosion--
and bypasses magnetic confinement. which has challenged controlled fusion research­
ers for 20 years. The key idea, recently declassified by the USAEC. is the laser 
impl os ion of sma l l pel l ets of hydrogen to approximatel y 10.000 times their 
original density in order to initiate efficient thermonuclear burning [3] . Fusion 
energy re leases 50-100 times larger than laser input energy for l aser energ ies 
of 105-106 joul es have been achieved 1n sophisticated computer simulation calcu­
l ations. Ten thousand joule lasers are being planned by the USAEC Livermore and 
Los Alamos Laboratories. as well as by the Lebedev Institute in the USSR, to 
explore laser-induced implosion and fusion . If efficient t~ermonuclear burning 
i s achieved experimentally, then commercial power production may be feas ibl e. 
provided difficult technol ogical-economic problems involving the laser efficiency 
and the power plant reliability can be so lved. 

The laser-fusion implosion system cons i sts of a ~ 1 mm diameter spherica l 
pellet of deuterium-tritium surrounded by a low dens i ty. laser pre-pulse 
generated atmosphere extend ing to several pellet radii. l ocated in a large 
vacuum chamber. and a laser capable of generating a precisely time-shaped, 
shar~ly peaked pulse of radiant energy . The laser pulse adiabati cally 
compresses most of the pellet to a high density Fermi-degenerate state by 
the reaction forces generated by the subsonic ablation of its surface. at 

*Research performed under- the auspices of the U.S. Atomic Energy COllll1ission. 
t Also with the Dept. of Astronomy, UC Berkeley . 
ttATso Fannie & John Hertz Foundation Fellow. Physics Dept .• UC Berkel ey. 
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which point thermonuclear burn is initiated in its central reg ion. See 
Figure 1. A thermonuclear detonation front then propagates rad ially outward 
from the central region. bringing the dense fuel sphere to '" 102 keV temperatures. 

as shown in Figure 2. 
With 107_108 joule fusion energy pulses initiated by 105_106 joule laser 

pulses. gigawatt electrical power level s may be generated by initiating '" 102 

microexpl osions per second. perhaps in several thermonuclear combustion chambers. 
The combustion chambers would have a diameter of a few meters and might have 
wal l s wetted with Li to withstand the nuclear radiation and pell et debris. 
Suff i ci ent ly cheap pellets, wh i ch must cost les s than a cent each. could be 
fabricated in a drop tower. Electricity would be generated via neutron-h(_ated 
Li blankets as in conventional eTR approaches . or by any of a variety of direct 
convers i on devices in m~re advanced power plant designs . The use of essentially 
radionuclide- and neutron-free, exoti c fusion fuels--an espec ially attractive 
possibility in laser fusion systems--in quite advanced power systems offers 
the possibility of exceedingly clean, safe and inexpensive nuclear electricity 

. sources. 

Figure lA : Representat ion of a laser-energized 
pel l et implosion. with the imploding 
pellet surrounded by its atmosphere of 
blow-off. Laser ligh t pene t rates the 
atmosphere up to the critical elect ron 
density. 
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Figure l B: Typical laser fusion microexplosion for a 106 joule 
laser pulse and a 10-3 g aT pe ll et. 

TYPICAL LASER FUSION MICROEXPLOS ION 

LASNEX Computer Code Calculation: 1 Megajoule, DT pellet 

(a)IAtmosphere Formation (b) Compression 

I \ jf
_ _ 1 rn, DT p'"'' 

\ I Initial "weak" 

(

' ", I laser pulse to 
...... produce the 

atmosphere 

0.01 mg (109 w for 

Rapidly increasing 
laser intensity 
1109 -+ 1015 watt 
in 10-8 secl 

atmosphere to 10-8 secl 

enhance absorption 
of laser light 

Blown·off material 
acts like a rocket 
to subsonically 
compress the 
pellet 

(c) Ign ition (d) Thermonuclear Burn 

~T}1 .<J- C>~ -t4 Fmallarge 
tf 'b pulse of 

• 

laser Irght 

[3X1015 

watt for 

70% of pellet 10- 10 secl 
has been 
abl ated away. 
Remainder 
compressed 
to 10,000 X 
its o riginal 
density 

Final laser 
pulse shock· 
compresses 
pellet center 
to thermonuclear 
ignition temperature 
(100 million GCI 

229 

Thermonuclear 
burn spreads 
from canter 
throughout 
pellet 

Laser off 

Burn rate pro· 
portion al to 
(densityj2 

. Burn time 

proportional 
to 
pellet radius 
sound speed 



Figure 1B continued : 
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Cycle Specifications: 

Total laser energy : 
1 megajou le (1/4 kwh ) 

Total electrical energy input: 
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Figure 2: The initiation of thermonuclear 
detonation of a laser-imploded 
OT droplet. 
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Implosion Development and Application 
The impl osion of bubbles in water was considered by Besant in 1859 [4] and 

Rayleigh in 1917 [5J . A self-similar solution to the implos ion of a shock 
wave was developed by Guderley in 1942 [6J. 

Early work on nuclear fission weapons at Los Alamos, beginning in 1943. by 
Neddemeye~ Van Neumann. Teller. Tuck , Christy. and others explored spherical 
implosion systems driven by high explosives [1J. Subsequently. moderately 
high compressions were experimentally demonstrated and ut i lized . However 
compressions approaching lO,OaO-fold (relative to liquid or solid densities)-­
which are required for practical laser fusion power reactors--have not been 
experimenta 11y achi eved. 

In 1961. shortly after the invention of the pulsed laser. Nuckolls made 
implosion calculations of OT micro-spheres at our Laboratory, in which l04_fold 
compressions were achieved via pulse s haping~ and proposed a l aser fusion 
engine for eTR and propulsion applications. These calcul ations were based on 
l aser pellet coupling physics developed by S. Colgate , R. Kidder and others. 
In the early-mid 60 ' s calculations of laser-driven implosions were also made 
at our Laboratory by R. Kidder and R. Zabawskfi by a group at Los Alamos; and 
at Corne1l Aeronautical Laboratory by A. Hertzberg, W. Daiber and E. Wittliff 
[8,9]. In Kidder's 1964 calculations important advances were made in laser­
pellet coupl ing physics. Subsequently, laser-energized implosion calculations 
were made by J. Oawson. M. Lubin. and others. In 1969, Nuckolls and Wood devel­
oped the super-high density, electron thermal conduction-driven adiabatic implo­
sion approach to laser fusion described here that indicated for the first time 
the feasibility of breakeven at one k1lojoule of laser energy and of eTR 
with practical lasers (10% efficiency , 105 joule laser pulses) . This work 
and subsequent results were released by the AEC and published in 1972 [3]. 
Similar results have recently been published by Los Al amos scientists [10] 
and by Brueckner [l1l . 

In 1963, J . S. Foster Jr .• T. Merkle. and E. Teller started an experimental 
laser fusion program at our Laboratory. This program was directed by R. Kidder. 
In the mid-sixties Kidder and Mead constructed a 12 beam implosion-oriented 
loser [12l. 

In 1972, Basov and his colleagues at the USSR lebedev Institute reported 
the implosion of a sub-millimeter diameter C02 micro-sphere with a few 
hundred joule, several ns, 9 beam laser pulse [1 3]. Approximately 3 x 106 

neutrons were observed. More recent results from the Basov group indicate 
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that 30-fold central compressions and 300 e.v. central temperatures have been 
obtained with 100 ~ radius C02 spheres, irradiated with 600 j, 6 n~ 9 beam 
pul ses- [14]. Calcu-lations indicate that compressions to several hundred 
grams cm-3 and mulU-kev central temperatures should be realized with the 
400 j. 1 ns pulses whi ch have very recently become available with this laser 
system; this will correspond to nT products > 1014 cm-3 sec at DT ignition 
temperatures. 

Thermonuclear Physics 
The feasibility of explosive generation of thermonuclear energy was first 

demonstrated by a Los Alamos team led by Teller in the early 1950 l s [15]. 
In the laser-energized microexp10sion approach to fusion. the density­

radius product pR of the imploded pellet core replaces the conventional Lawson 
criterion nT in characterizing the fractional fuel burn-up and thus the ratio 
of fu sion energy generation to input energy. In general) this comes about because 
the specific rates of fuel burn. energy depOSition by charged reaction products. 
and electron-ion thermal coupling are proportional to the density; while the 
inertial confinement time (at optimal burn temperatures) is proportional to 
the fuel pellet radius . It also follows that the degree of self-heating and 
the feasibility of thermonuclear burn propagation are determined by pR. In 
spherically convergent compression. pR increases (because p ~ R-3) and is 
proportional to {Mp2)1/3, where M is the pellet core mass. Compresston by 104 

thus reduces the mass--and laser energy--required to initiate an efficient 
thermonuclear microexp1osi'on by up to lOB_fold, depending on the efficiency 
of the compression process. 

More explicitly. we find that the fractional fuel burn-up, ~, is propor­
tional to the product of the specifi .c burn rate . pav. and the inertial confine­
ment time ~,where av is the Maxw~ll velocity-averaged reaction cross section 
and c is the sound speed. The factor of 1/4 in the inertial confinement time 
arises because 1n a uniform sphere half the mass is beyond 80% of the radius . 

. Both av and c depend on temperature. but their ratio is approximately constant 
in the 20-50 keY ion temperature range characteristic of efficient deuterium­
tritium burning in microexplosions. Evaluating a: at 20 keY. and correcting 
for depletion, it follows that [16] 

~ "'~ 6 + Rp 

Thus for pR = 3 g/om2, we find ~ ~ t which corresponds to a fusion energy 
release of ~ lOll joules/g. 
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To achieve pR's of ~ 3 g/cm2 requires the compression of a 1 mg oT pellet 
to densities ~ 1000 g/cm3• The electrons will have an interna l energy, E , given 
by: 

[ 3 + . 2 ( ee 
E: EF ! 4 EF 

2 
) + . .. 1 

h2 3 2/3 
where EF ::: Bm ~ ne) is the Fenni energy, his PI anck' s cons tant, m is the 
electron mass , Se 1s the electron temperature, and n is the electron density. 
For p ::: 1000 g/ om3 (ne ~ 2.5 x 1026/ cm3), EF ~ 1 kev~ Thus, even if the compres­
sion takes place with Se « EF, the implosion process must provide a minimum of 
3 x 107 joules/g of internal degeneracy energy. 

To achieve ignition, one must provide, in addition to the degeneracy energy, 
an average specific heat energy given by cve; nB. Here Cv ;s the specific heat 
(measured from Se ::: 0 at constant compression~, 9ign 1s the effective ignition 
temperature of OT (~ 10 keY), and B is a correction for self-heating by the 3.6 
MeV OT alpha particles, and for thermonuclear burn front propagation. If 
pR » 0.3 g/cm2• the alpha particle range in DT at 10 keY electron temperature. 
then only about 0.3 g/cm2 in the central region need be heated to ~ 10 keY in 
order to initiate a radially propagating burn front which ignites the entire 
pellet. Note that a DT sphere having pR ::: 0.3 g/om2 will burn to a $ of 0.05. 
or 1.6 x 1010 joules/g . One fifth of thi s energy is in alpha particles, suffi­
cient to heat 3 times more DT to 10 keY . 

Due to the effects of shock convergence and pulse shaping during implosion. 
the DT iemperature just prior to ignition may be made to vary approximately as 
9ign R~ where r is the distance from the pellet center and Rc :t 0.3 g/cm2 

is the 
mean free path of a OT fusion-born alpha particle . Comparing the specific heat 
energy of this COnf1g~ration to that of a unifonnly heated pellet at 91gn • we 
find B ~ 3 (o.3

pa/cm }2. Because of practical limitations on implosion symmetry, 
a minimum of ~ 0.03 is imposed on B, which occurs for pR ~ 3 g/cm2. We then 
find the minimum mass-averaged ignition energy to be ~ 3 x 107 joules/g. 

The minimum total internal energy to effect thennonuclear ignition and 
propagation is then the sum of the ignition and degeneracy energies, or 
~ 6 x 107 joules/g. Note that since the ignition energy is the same magnitude 
as the degeneracy energy , further reduction in B. even if possible, could not 
reduce the required total internal energy by more than a factor of 2. 

Since the fusion energy produced by the optimtzed pR = 3 pellet under 
consideration is 1011 joules/g, the raw energy gain is ~ 1500. Approximately 
90-95% of the laser energy absorbed by the pellet during implosion, however, 
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is lost to kinetic and internal energy of the blowoff, depending on t he degree 
of pellet compress ion . Consequentl y t he energy gain relative to the laser light 
employed is 75-150-fold. This is sufficient for eTR applications with a 10% 
effi cient laser, a 40% thermal-ta-electric effi ciency . and about 15-30% of the 

electrical energy circulated internally. 
Figure 3 shows the var iation of gain (relative to laser li ght energy) with 

compress ion and laser light energy -[3,16J. The curves have been normali zed to 
detailed computer calculat"ions of the implosion and burn . Gains of t he order 
of lOO are predicted for laser pulse energies of 106 joules. 
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Figure 3: The ra tio of fusion 
energy generated to laser 
pulse energy employed as 
a fu nct ion of pellet compres­
sion factor. for several 
l a~er pul Se energies from 
10 to 10 joules. and OT 
fuel usage . 

Our calculations indicate that less than 1 kJ of laser light may be suffi ­
'cient for breakeven (gain ~ 1) . and 105 joules may be sufficient to generate 
net electrical energy with a 10% efficient l aser. These pred icted gains are 
probabl y upp~r limits to what -can be achieved . Unforeseen difficulties may 
cause sign ificant performance degradations when t he predictions are experimentally 

tested. 
Similar gain curves may be generated for D2 and DHe3 pellets witWa small 

percentage of tritium included to facilitate ignition. Since these reactions 
have smaller av's than DT. higher pR's are required for efficient burn. This 
may be achieved either by use of larger pellets and higher energy lasers, ·or 
by compressing the pellet to higher densities (~ 10

4 g/cm3
). 

Implosion PhYsics 
Condit1ons i nvo 1 vi ng pressure. s)'lTl1letry, and s tabl1 Hy must be sat; sfi ed 

in order to implode a OT sphere to a state. at 104 times its liquid density, 
in whi ch both Fermi-degeneracy and thermonucl ear propagation can be exploited 
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to achieve the conditions for maximum gai n outlin~d i n the previous section [3]. 
A major free parameter availabl e for insuring t hat the pressure and 

stabi li ty conditions are met is the shape of the laser pulse. By means of 
numerous computer calculations of laser-energized implosions, i t has been 
found that the optimum pulse shape may be approximated by: 

t -5 
E = Eo <,1 - t') 

during most of the compressive phase of the impl osion , where E is the l aser power, 
t i s time. t ; 1s the coll apse time, and 5 ~ 2 [16]. No satisfactory analyt ic 
derivation of the entire optimum laser pulse shape i s known· to us. due to the 
complexity of t he phys i cs invol ved. However, it has been found that thi s pu l se 

shape may be approximated with suffi ci ent accuracy ' by a hi s togram of 5- 10 pul ses . 

See Figure 4. 
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Figure 4: The ideal and a satisfactory 
histogram~approximatiQn 
pul se shapes fo r implosion 
of a CTR-breakeven size 
OT droplet. 

The optimum laser pulse shape generates an i niti al shock which is near­
soni c .l"" l x 106 cm/s} in the outer part. of the pellet. Th is ' shock heats the 
pellet and thus tncreases its sound speed enough fo~ mo~t further compression 
to take place rapidly enough to be efficient a.lld ye~ r~ain barely subsonic _ 

and .\ hus adiaba~'~' At .th: same tfme the entropy generated by the shock i s 
kept suffi c1ently small ;.so th~t jt is possible to atta1n a Fenn; degenerate 
state . i n virtually all the ;mplod~d matte~. These constraints generall y require 
that t he temperatyr~ . behind the . initial, we\~k. shock be in .the range 1/2-1 e.V., 
except in ,a small .region near the center of the p~ l le~ where . the sbock CQnverges 
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and strengthens sufficiently to produce significant heating. 
The sharply r i si ng mid-section of the pulse and the final peak rapidly 

increase the implosion ve locity to a maximum of ~ 3.5 x 107 cm/s, corresponding 
to the average energy density of 3 x 107 joules/g required for ignition. The 
rate of increase of the implosion velocity is such that the hydrodynamic 
characteristics in the compressing pellet coalese to form a strong shock near 
the ti me of max imum compress ion at about one OT alpha mean free path from the 
center, thus generating the sharply-peaked ignition-producing temperature profile 
specified earlier. 

This procedure of compression along a col d. finally Fermi-degenerate 
adiabat followed by the centrally localized input of the heat energy for ignition. 
allows the compression to be effected by a maximum final pressure of ~ 10'2 
atmospheres. which is the minimum possible pressure at 1000 g/cm3. If instead 
the pellet had been placed on an initial adiabat with ee ~ 10 eV so that a 
lD.OOO-fo1d compression would raise the average pellet temperature to ~ 5 keY. 
the maximum final pressures required would be ~ 10'3 atmospheres. This order 
of magnitude difference is crucial to the feasibility of super- high density 
laser eTR. 

The compression and burn processes whi ch have been described are illustrated 
in Figure 5 for a typical computer simu l ation calculation of t he implosion of 
a fu sion pellet to 10.000 times liquid density. and of the resulting thermo­
nuclear m;croexplos;on. This calculation was carried out at the l;vermore 
Laboratory on the CDC 76DD computer with the LASNEX program [17] . LASNEX 

is a two dimensional (axially syrrmetric) finite difference code which includes 
detailed models of many physical processes. See Table 1. 

The sequence of events described above is predicated on the efficient and 
roughly syrrmetric absorption of laser light in the pellet's atmosphere and on 
the transfer of this absorbed energy to the pellet's ablating surface. Analytic 
studies and elaborate 2-dimensional computer calculations of the type just 
lllustrated have shown that adequate absorption, transfer. and symnetry can be 
achieved, at least in the case where the laser wavelength is shorter than a few 
microns. In this short wavelength case (including the 1.06 micron Nd:glass 
laser radiation). adequate laser energy absorption is possible via inverse 
bremsstrahlung; and this absorption takes place largely at the critical density. 
i.e. or the surface in the pellet's atmosphere where the laser optical frequency 
equals the electron plasma frequency. The absorbed energy 1s then transferred 
via electron heat conduction to the pellet's surface. Since the atmosphere has 
a radius large compared to the pellet radius. each point on the pellet surface 
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LASNEX CODE FEATURES 

Hydrodynamics - lagrangian; real and generalized Van Neumann artificial 
viscosities; pondermotive, electron, ion, photon, magnetic, and alpha particle 
pressures. 

laser light - refractive transport; absorption via inverse bremsstrahlung and plasma 
instabilities; reflection at critical density. 

Coulomb coupling of charged particle species. 
Suprathermal electrons - Multigroup flux-limited diffusive transport with self­

consistent electric fields; non-Maxwellian electron spectra determined by results 
of plasma simulation calculations for laser light absorption by plasma instabilities; 
inverse bremsstrahlung electron spectrum for classical absorption. 

Thermal electrons and ions - flux-limited diffusive transport. 
Magnetic.field - includes modification of all charged particle transport coefficients, 

as well as most of the equilibrium MHO effects described by Braginskii!301. 
Photonics - Multigroup flux·limited diffusive transport; L TE average-atom opacities 

for free · free, bound·free, and bound-bound processes; Fokket-Planck treatment of 
Compton scattering. 

Fusion - Maxwell velocity-averaged reaction rates; the OT alpha particle is transported 
via a one group flux-limited diffusion model with appropriate energy deposition 
into the electron and ion fields; one group transport of the 14 MeV neutron : 
super-dense pellet results checked against more sophisticated Monte Carlo-based 
thermonuclear physics codes. 

Material properties - opacities, pressures, specific heats, and other properties of 
matter are used which take into account nuclear Coulomb, degeneracy, partial 
ionization, quantum, relativistic and other significant effects. 

TABLE 1 

is heated by--and averages over--almost 2n steradians of the hot laser absorbing 
region. This. combined with the fact that during most of ~he implosion the 
electron mean free path in the absorbing region is a significant fraction of the 
absorption radius. results in a large (~ lO-fold) reduction in the asymmetry 
with which the pelle.t surface is ablated. 

In the compression of the spherical pellet by l04_fo1d , the radius decreases 
somewhat more than 20-fold. If. after compression, spherical symmetry is required 
to within 1/2 the compressed radius--or 1/ 40 the initial radius--then the implosion 
velocity (and time) must be spatially un1fonm (and synchronized) to about one 
part in· 40. or a few. percent. See Figure 6. The outer atmosphere may be heated 
uniformly to 10 to 20% by a many-sided irradiation system. consisting of beam 
splitters. mirrors, lenses. and other optical elements. This error is then 
reduced to less than 1% by the physical processes inside the atmosphere [3.25] 
just mentioned. 
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Figure Sa: A LASNEX simulation of the laser-energized implosion and ignition 
of a 60 microgram droplet of DT, surrounded by a prepulse-generated atmos­
phere. The lagrangian hydrodynami c mesh of the simulation is depicted, with 
superimposed i sotherms of the electron component of the plasma during the 
implosion (at 0.1, 0.3, 1.0, 3.0 and 10 keY). and of the ionic component 
during the thermonuclear detonation of the imploded pellet (at la , 20 and 
50 keY). The maximum electron and ion temperatures, lE and TI, (in keY) 
and matter density, 0 (in ~n cm-3). in the situation being simulated are 
indicated in the left-most column under the hydro mesh. while the total 
laser energy inputted to the imploding system. EL, and thermonuclear energy , 
EP. produced by it (in kilojoules) are shown in the middle column. The 
simulation ti'me. TIME. (measured from an arbitrary zero after atmosphere 
formati on) in nanoseconds and the scale size, SIZE. of the portion of the 
problem displayed, i n micrometers, are indi cated in the right-most column. 

The laser energy is inputted in 10 beams with axial symmetry. with 
azimuthal angular intensity variation I = 10 (1 + 0.1 sin 20 el. e the 
az imuthal angle; 5 periods of this intensity var iation are shown in this 
quadrant of the situation simulated, which has four-fold symmetry. The 
first ~ 1 kilojoule of laser light is inputted as 4 ~m wavelength radiation. 
and the second as 2 ~m wavelength laser light. The following ~ 8 kilojoules 
are 1 urn radiation. and the final ~ 44 kilojoules are of 0.5 ~ wavelength . 

Such a roughly spatia lly symmetric, crudely frequency-shaped and 
carefully time-tailored laser pulse is sufficient to simultaneously meet 
pressure, symmetry. stability. decoupling and preheat requirements of the 
implosion , if the pellet is doped with ~ 0.1 atom-percent of high Z materi al 
to enhance the electron colli s;onal frequency and inverse bremsstrahlung 
opacity in the atmosphere. This pellet-laser pulse combination i s represent­
ative of those which operate completely within the "classical physics" 
regime . e.g . wh i ch may be adequately modeled within the Maxwellian electron 
velocity distribution approx imation. 

Implosion symmetry is seen to be quite satisfactory as late as 
23 .9141 nsec, when nearly 40% of the laser energy has been inputted, and 
the pellet has been compressed over 600-fo1d. Though not apparent in 
the configuration of the blow-off, pellet symmetry continues to deteriorate 
ever more sharply through 24.0347 nsec, when all of the laser pulse energy 
has been inputted and the pellet compression has exceeded SOOO-fold . 

• 
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Figure 5b: The hot atmosphere of the pel let continues to ablatively implode 
it to ever higher densities and. after one abortive ignition commencement. 
the pellet center th9roughlY i9nites at about 24.0472 nsec; the high 
ve 1 acity ("It 3 . 5 x 10 cm sec l ). hi gh density shell of OT impl od; ng onto 
t he pellet center was crucial to successful ignition. The supersonic 
nature of thermonuclear detonation i s indicated by the sweeping of the 
10 and then the 20 kilovolt ionic isotherms over the entire pellet mass, 
before the pe l let has expanded s ignificantly (at 24.0520 nsec) . At this 
time. the 50 kilovolt isotherm has enveloped the matter inside ha l f 
of the pellet radius, and a pronounced axial jet has become visi'ble; 
about half the total thermonuclear energy has been produced, and the mass­
averaged fuel temperature is at a maximum. From this time through 
24.0639 nsec, the isotherms successively reconverge on the pellet center, 
due to hydrodynamic losses exceeding the thermonuclear energy generation 
rate of the ever less dense pellet . 

Approximately 30% of the dense pellet nuclei undergo thermonuclear 
reaction dur i ng the microexplosion. producing about 32 times the energy 
from fusion as the laser pu lse energy; this is within a few percent of 
the energy produced by an identical pellet impl oded with completely 
symmetrically inputted laser light. This is approximately the performance 
level of a "CTR-breakeven" fuel pellet-laser pul se combinati on . 
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Figure 6: SyrrvlIetry considerations 
in the laser-energized implosion 
of a fusion fuel pel l et . n is 
the pellet compression factor at 
the implosion culmination time to. 
at which t ime sphericity to with­
in a factor of two is required of 
t he pellet. 

The implos ion of the pellet by electron heat condUction- driven, ablation­
generated pressures is hydrodynamical1y stable [3,25]. except for relatively 
long-wavelenylh surface perturbations, which grow too slowly to be damu.g1ng. 
if the pellet is imploded in one sonic transit timf; . In part, ablative 
stabilization occurs because the peaks of surface perturbations are effectively 
closer to the heat source (than are the valleys) so that the ablation-driving 
temperature gradient ;s ste~per. Consequently, the amplitude of any such 
perturbation is reduced, both because such a peak is more rapidly ab l ated. and 
because the abl ation pressure is higher on the peak . See Figure 7. 

~or the long laser wavelength case, incl uding the 10.6 micron C02 radia tion . 
the pell et compress i on and energy gain may be strongly degraded by electron 
preheat [1 8,19] and decoupling [20] . Oecoupl i ng occurs when t he electrons heated 
by the laser have ~ range i n matter at the criti cal density compara bl e to the 
l aser absorption radius. Then most of t hese el ectrons cross the atmosphere. 
re ~enter the absorp t ion region. and are hea t ed to higher energies wi th longer 
mean free pat hs , etc . • un til the pel let i s eff ectively decoupl ed fr om the laser­
heated el ect rons over times comparable t o the implos ion time. (Af t er a few hot 
el ectrons escape in to the vacuum chamber . plasma potent i a1s comparabl e t o the 

Figure 7: The effect of a 
spherically symmetri c isotherm 
in the pellet atmosphere on 
the hYdrodynamic stabi11 ty of 
the ablating pellet surfa ce . 
While nominally unstable to the 
Rayleigh-Tayler instability. the 

- - - -- -- --- (Je '" const. _ - - - - ---
>4___- -:\ .. , 

PA « PA 

surface ts actually stable for all but the longest per turbation wavelengths 
(of the order of the pellet radius, which grow too slowly to be damaging). due 
to the diffusively driven, subsonic nature of the abl ative acceleratfon [25] . 
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electron energy are developed. Subsequently, 10ng range electrons are confined 
to the expanding pl asma by electrostatic forces.} The maximum decoupling-limited 
implosion pressure which may be generated is , from flux - limited conduction and 
geometric considerations. 

A 
P • 102 c A 1/4 
max ~ c p~/2 megabars. 

where Ac and Pc are the area and density of the critical layer of the pell et 
atmosphere and Ap is the area of the pellet surface, all in cgs units. Oecoupling 
can be compensated for if the pellet vo lume i s increased by making it ho ll ow. 
Then the required implosion velocity may be achieved with smaller implosion 
pressures acting for longer times , with correspondingly smal l er laser intensities 
and el ectron energies [19]. 

Preheat occurs when the laser-heated electron range is a significant fraction 
of the pellet radius--these electrons then heat the fue l internally, making it 
more diffi cult to compress. Such high energy electrons are generated by inverse 
bremsstrahl ung absorption of long wavelength li ght. Moreover, efficient 
absorption of such light is not possible via inverse bremsstrahl ung because the 
light absorption length is too l ong (» 1 cm at 10 keV j [21]. Absorption is 
possibl e via plasma instabilities [22,23]. However, if the tgresholds for these 
instabili ties are greatly exceeded, then sophisticated plasma simulation computer 
codes predi ct that non-Maxwel lian electron velocity distributions may be generated, 
with high energy tails extending beyond 100 times the thermal electron energy [24J . 
See Figure 8. These tails are essentially due to "runawayll electrons produced 
by the strong electric fields generated by the plasma instabilities . Experiments 
are needed to de termine the electron spectra in such situations. An estim~te of 
the fraction of t he absorbed laser energy which can be tolerated i n these supra­
thermal electrons is the ratio of the rate of hydrodynamic work done on the 
pellet to the product of the laser-heated electron energy density and the electron 
thermal velocity just inSide the critical surface; clearly, if the rate of supra­
thermal heating work on the pellet core is comparable to or greater than the rate 
of hydrodynamic work. the implosion will fa il. At the early stages of the 
implosion, when preheat is most critical. this fraction may be as smal l as 10-2• 
If excessive numbers of superthennal electrons are not generated. then long 
wavelength lasers may be suitabl e for eTR applications, provided that the hol low 
pellet can be constructed cheaply enough. 
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Figure 8: The theoret ical (---) and pl asma 
simulation code-computed (---) electron velocity 
spectrum fCv) as a functio n of the ve l ocity in 
units of t he t herma l veloci ty V/Vth . for the 
situation 

n" E/.r4iTffI(I = 0 .36, 

where E i s t he l aser el ectric field. and NkT ~s 
the plasma electron thermal energy density; n is 
the ratio of optical to thermal energy densities 
[24J. n = 0.36 corresponds to an intensity of 
about 1014 watts cm- 2 and a 10 keV plasma temper­
ature for C02 laser radiation; this intensi ty i s 
comparable to the peak intensity required for 
impl os i on of holl ow OT shell s. and is about an 
order of magn itude below that r equ ired for OT 
droplet implosion. The broad wings of the 
di st ri buti on at high vel oci ti es. whi ch branch 

v/v1h out from the parabolic. Maxwellian center . are 
due to excitati on of laser-driven pl asma instabiliti es at/around the criti ca l 
density in the pellet atmosphere. Such electron vel ocity spectra . if experimental­
ly verifi ed. preclude C02 l aser usage in super-high density laser CTR. due to 
preheat limitations. 

Laser A("I 11(%) S(J/I ) T p(nsec) Eo(J) p., 
:>"conversion 

Nd:Glass 1.06 0.2 500 ~ 0.02 350 (0.1 nsec) Ve", 0.26- 1.9 JJ 
Low (;> 40% eff) 

CO2 10.6 5 15 ;;' 1. 25 (1 nsec) High 
(Flow) 

1.32 0.5 30 2 12 (10 nsec) High 
(Flow) 

Xe2 0.17 < 20 300 - 10 0. 1 (10 nsec) High Not 
(Flow) Required 

New (Gas) - 0 .4 > 5 100- 1000 0.1-1 .0 104_106 High Not 
(0.1- 1.0 nsec) (Flow) Required 

Table 2: Salient features of laser systems for pulsed fusion applications. A is 
the laser output wavelength in micrometers. n 1s its pumping .effi ciency. S is its 
energy storage capability. in joules/ liter. Tp i s the pulse length at which such 
systems have demonstrated high power gain, in nanoseconds. Eo is the max imum energy 
pulses. in joules. which such systems have demonstrated at the pulse durations in­
dicated. Pav is the average power generat~on ability of such systems under repeated 
pul se conditions, and Aconversion is an indication of the available spectral range 
and efficiency of demonstrated frequency conversion. The properties of the New 
(Gas) laser are those considered most appropriate for laser CTR power plant 
appHcations . 
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laser Technology 

The development of lasers for high density laser fusion appli cations 
poses a special set of problems that have not previously received much 
attention in the laser R&D community. In the optimum pellet-compressi ng pulse 
shape, about half the total energy is produced in the last 100 picoseconds. 
Thus, in terms of a simple, single pul se, a eTR laser sys tem has to be 
capable of producing at least 50 kilojoules in 100 picoseconds. In addition , 
the optimum plasma heating process requires short wavelength lasers. Such 
lasers do not exist at present; however, development of short wavelength 
devices i s receiving increased attention in the U.5. and several other 
countries . 

Table 2 indicates many of the sa li ent characteristics of four laser systems 
that are presently under consideration for scientific feasibility demonstration 
purposes and which are representative of the diversity that exists in the laser 
world. Neodymium glass is a laser medium developing gain at 1.06 V wavelength 
using Nd3+ ions in a glass matrix pumped by xenon f1ash1amps. The C02 laser 
develops gain at 10.6 V between vibrat ional energy level s of the ground 
electronic state of the C02 molecule. This system (actually a CO2-N2-He mixture) 
i s pumped by relatively low power electrical discharges in the gas, which are 
often sustained by low current (5-500 mA/cm2), high voltage (100-300 kV) electron 
beams. The iodine laser develops gain at 1.315 ~ between electronic levels of 
the neutral iodine atom, whi ch is produced 1n an excited state by photodisso­
ciation (near 2800 A) of molecules such as CF3I. Xe non flashlamps are typically 
used as the photodissociation pump source. The xenon laser specie is the 
Xei molecule formed 1n high pressure xenon gas pumped by high current density 
(100-5000 A/cm2) relativistic (0.5-2 MeV) electron beams. The output wave­
length of this system is 1722 A. 

What is interesting to note about these laser systems is the almost total 
lack of overlap in the technologies required for the development of each 
system . Thus, extensive development effort applied to one of these systems 
is not usually applicable to another. Also shown 1n Table 2 are the desired 
characteristics of a hypothetical laser system that matches the requirements 
of laser fusion as presently envisioned. The primary characteristics of th1s 
hypothetical laser system are high efficiency, high average power, short wave­
length, and high energy. It is clear that none of the real lasers in Table 2 
demonstrate all of these characteristics. To summarize Table 2. the following 
statements can be made: Nd:g1ass lasers have the best developed technology for 
operation in the subnanosecond region. In addition, the high second harmonic 
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conversi on eff; ci ency (60-80% l already demons trated offers great potent; a 1 for 
operation at 0.53~. Fourth harmonic generation (0. 265 ~) and stimulated 
Stokes-Raman scattering (1. 9 ~) offer potential for pellet compress ion at other 
wavelengt hs with effi ciencies greater than 20%. Thus, the Nd:g lass l aser 
system apparently provides the best laboratory tool for near- term l aser fusion 
experiments . However, the extremel y low energy efficiency (0.1 %) and the low 
average power capability (limited by the low thermal conductivity of glass) 
preclude any consideration of Nd:glass systems for eventua l laser fusion 
power generation applications. 

The CO 2 laser has demonstrated efficienc i es of approximately 5% for 
one nanosecond duration pulses . Operation in the 0.1 nanosecond regime has 
yet to De demonstrated. With the addition of high speed gas f l ow. CO2 lasers 
have the capability to generate high average powers. The major liability 
of the CO2 system is the 10.6 ~ emiss i on wavelength. As noted above, it may 
wel l be that CO2 lasers will never be useful for l aser fusion, if current 
theoret i cal predictions of a signifi cant high energy tail to the resultant 
electron energy distribution in the CO2 laser-heated plasma are indeed correct. 
Efforts are currentl y underway to efficiently convert the 10.6 ~ energy to 
shorter wave 1 engths, a 1 though success has yet to be achieved. Development of 
high energy. short pulse CO2 l asers continues because of the high efficiency 
and high average power capabi li ty. The ultimate usefulness of this system 
remains to be determined . 

The iodine laser has recently come under consideration as a possible lower 
cost replacement for Nd:glass. The emission wavelength and efficiencies 
are simi lar; however. the cost of CF31 is much below that of Nd:glass. The 
st imulated emission cross section of 1*. even in the presence of a few 
a tmospheres of a 1 i ne-broaden; ng buffer gas. is much 1 arger t han Nd: gl ass. 
Thi s necessitates an ent i rely different approach to the laser des ign. in order 
to control parasi tic oscillation within a single laser amplifier section . 

. With the eventual so lution to the parasitic oscillation problem and a more 
detai led understanding of the pumping requirements of the system. it is poss i ble 
t hat iodine lasers sui table for laser fusion work may be built in the 1-10 kilo­
joule regime . . 

The xenon laser ;s the newest system to undergo consideration as an appro­
priate sou rce for laser fusion experiments. The interest stems from the short 
wavelength (1722 A) and predicted hi gh l> 25%) pumpi ng efficiency . Little 
detailed information is avai l abl e on this system and the technology for the 
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generat ion of subnanosecond pulses has yet to be devel oped in this portion of 
the spectrum. Two comments are however appropriate at this time. First. the 
stimulated emi ssion cross section is approximately 3 x 10-18 cm2. Thus, a 
large high energy amplifier wil l be severely limited in performance by super­
fluorescence (amplified spontaneous emission) and parasitic oscillation. 
Second. lasers useful for fusion appltcations must operate at flux levels of 

10 2 2 • 10 watts/cm (1 J/cm , 100 psec) or greater. At this flux level and 1722 A. 

all transparent materials (\,lindow, l enses, coattngs) from LiF to A1203 will 

exhibit two-photon absorption coefficients ;n the 1 to 25 cm-1 range. Thus, 
to use such a short wavelength, a new optical technology of gas l enses and 
aerodynamic windows wil'l have to be developed , It is also interesti ng to note 
that at approximately 3 x 1010 W/cm2 the estimated loss from two-photon ion­
ization of ground state xenon atoms equals the gain achieved in the system . 

From the foregoing discussion several conclusions are easily drawn . 
Cl early, Nd:glass l aser systems provide the best technology base for the near­
term laser fusion experiments, The wide range of pu l se widths obtainable 
(20 psec - 20 nsec) and the range of wavelengths (0 .265 - 1.9 v) render it an 
almost i deal l aboratory tool. For these reasons large mu1ti-aperture Nd:glass 
laser systems with energi es of 10 kilojoules are in design or construction stages 
in the U.S . and the U.S.S.R. At our laboratory. a 10 kilojoule subnanosecond 
spherical i rradiation facility i s being designed. With this facility, it is 
hoped that the important mi l estone of sign ifi cant thermonuclear burn and possibly 
breakeven energy production (light in = TN energy release) will be achieved. 

It i s quite clear, however, that the development of new lasers is required 
if laser fusion power production is to become a reality. The xenon l aser 
represents a class of possible lasers based on the weakly bound or van der Waa l s 
molecules . laser action has already been achieved from Xe; and Kr; and may 
be expected from some of the similar dimer systems of mercury, cadmium. and 
zinc. Other non-dimer systems such as liXe or HgXe also l ook attractive. These 
systems are pumped by efficient, hi gh current relativistic electron beam 
machines which have been extensively developed during the last decade. The 
avail ability of efficient pump source and the short wavelength of emission 
makes t hese systems of great interest for laser fusion. However, i t is clear 
that stimulated emi ssion cross sections smaller than in the xenon system will 
be necessary. as wil l extensive development of means of paras i tic oscillation 
and superfluorescence control. 

It seems qui te clear. though, that the single most tmportant characteristic 
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of any new laser system developed for laser fusion appl ications will be the 
ability to use energy efficiently. 

Laser CTR Reactors 
The fusion-fuel combustion chamber of a laser fusion power plant must not 

only serve to admit the fuel pellet and direct the laser beams upon it, but 
must also endure perhaps as many as 100 multimegajoule t hermonuclear pulses 
per second for of the order of ten years, and be technically and economically 
feasible to construct and maintain. The fusion effects consist of an x- ray 
pulse , a neutron pulse, and blast and thermal effects from the plasma explosion 
debris . The x-ray pulse i s fortunately heavily attenuated in the softest 
(10- 1000 eV), most wal l-threaten ing portion of the spectrum by inverse brems­
strahlung in the superdense fireball. See Figure 9. The neutron spectrum i s 
dominated by a 14 MeV peak. See Figure 10. Calcul at ions involving x-ray 
opacities, neutron cross sections. specifi c heats. thermal expansion coeffi cients. 
and compressibil ities indicate that a chamber of about 3 meter radius with a wall 
of a, few layers of properly chosen low-to-moderate Z materials (e.g. ~ 0.01 cm 
of beryllium backed by titanium. niobium, or vanadium) will endure the x-ray and 
neutron pulses of a 107 joule microexplosion. If surfaced with a thin. low-Z 
liquid l ayer (e .g. li a few hundred ~ th i ck) by continuous exudation, the 
plasma pulse of a 107 jou le explosion may also be repetitively endured by the 

combustion chamber [26,27J " 
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The impulse associated with an explosion determines the size and material 
strength of a chamber which must contain it . This impulse is proportional to the 
square root of the product of the explosion energy and the mass of the explosion 
debris. Relative to a chemical explosion of the same energy, a fusion pulse 
involves about six orders of magnitude less explosive debris mass and thus about 
three orders of magnitude less impulse--provided that the surface of the wall ;s 
not vaporized. Then a 107 joule fusion pulse produces no more impulse than a 
large f i recracker. 

If the combustion chamber is too small. the wall will be ablated by the 
thermonuclear debris. Then the peak pressures imposed on the wall may be 
multiplied as much as a thousandfol d, and may be unacceptably high (~ 1 kbar) . A 
crucial advantage of not vaporizing the lithium on the wall is that the chamber 
pumpdown time does not severely limit the pel let burn repet it ion rate. 

About 1 joule/cm2 of thermonuclear plasma energy may be directed agai nst a 
chamber wall tlmoistened" with a several-hundred-micron layer of liquid lithium 
before signi ficant blowoff is produced. The supra thermal ion fluence (e.g . 3.5 
MeV alpha partic les, knock-on deuterons and tritons) associated with a 1 joule/cm2 

thermal plasma fluence poses no blowoff h~zard. since it penetrates the moist layer 
relatively deeply and deposits its energy in a large amount of matter . Ten 
megajoule pulse rated, moistened-wall combustion chambers of ~ 3 meter radius 
would thus be satisfactory from a plasma wa l l- l oading standpoint . See Figure 11. 

If the combustion chamber wall is shielded from the pellet debris by a minimum 
B magnet ic fie ld, the surface area requirement for the explosion chamber is 
determined by x-ray loading considerations. Then the chamber. radius may be 
reduced by approximately a factor of two. 

The chamber wall might also be sati sfa ctorily shi elded from t he plasma pulse, 
as well as from a portion of the x-ray pulse, by pulsed injection of gas through 
the dry walls of the micro-explosion chamber. However, the required mass 
injection rates are uncomfortably large and the f iring rate i s limited by the 
chamber pumpdown time. 

A very important problem for laser-fusion reactor design ;s how to input the 
laser light and target pellet while at the same time maintaining adequate neutron 
and x-ray shielding. Laser beams might be admitted through cheap. replaceable 
windows in the outer vacuum wa l l. passed through the neutron shield in neutronic­
baffling dogleg tunnels on mirror trains, and focused onto the pell et atmosphere 
by aspheric mirrors facing into the explosion chamber through apertures in the 
inner wall. Continuous. l ow Z liquid-metal exudation-surfacing of the mirrors 

249 



, , , , , 
I, 

" i; 
1 1 
1 , , , 
" , , 

Deuterium supply 

r _____ Drop tower 

~ ______ Heat removal via 

_-::::::::::::::~;::=i~-----:::;'~ heat pipe or liquid 
_ metal c ircu lating 

~-- system 
_--*--,II-_~ Superconducting scll:r.clc 
__ -i r --li-... Neutron shielding 

material with void 
inclusions 
Elcctrost<!tic 

matcrialltitanium, 
niobium or vanadium), 
Iront-surl;::ccd with a 
few hundred microns of 
liquid lithium 

~~::i:~'~:L~~~'~~': = = 
I 

To vacuum .ystcm 
and isot ... :,~ scpar<!tion ---0 ---- .. 

-- I I ~I'- Beamsplitter 

O -High-powor laser 

, . - I 'mplifi" 

0- High-power lau;r . ,! preamplif ier 

0-J Oscillator-power level 
controller 

3 mm" 

Figure 11: Conceptual design of l aser pellet CTR 
power pl ant with di rect convers ion, 

250 



would prevent degradation of the reflectivity by the thermonuclear environment for 
laser wavelengths > 0.2 ~m. The several mm-sized fuel pel l et would free-fall or 
be electrostati ca lly projected into the combustion chamber . 

Tritium breeding and recovery. necessary for pure OT burning, would be 
conducted by use of a l i thium- ri ch neutron blanket surrounding the combustion 
chamber wall simil ar to t hose being considered for magnetic confinement fus ion 
power plant designs . A 1% void fract ion in the li thium blanket is probably 
required to permit impulsive neutron heat ing of the li t hium without mechanical 
damage to t he wa 11 . 

Fusion Energy Convers ion 
Fusion energy pulses, as extremely high grade energy sources. apparently admit 

of several very different means of converting their energy into electricity, 
depending on pell et fuel composition , the pR value at whi ch the fuel is burned, 
and the combustion chamber system design and operation. Three types of systems 
have been identifi ed so far: 1) ordinary thermal conversion. 2) MHO hot-gas­
generator conversion, and 3) MHO plasma conversion. 

For first- generation laser fusion power plants. which would burn OT pellets. 
ordinary steam-thermal convers ion of fusion energy deposited by neutrons in the 
lithium blanket seems preferable. Such systems would have capi tal cost s of 
several hundred dollars/KWe and energy conversion efficiencies of ~ 40%-­
comparable to conventional and fission reactor systems . More advanced vers ions of 
such a system might employ neutron direct conversi on means such as those indicated 
in Figure 12, in which high energy neutron-scattered protons do electrical work 
wi thin an electrostat i c converter. A sketch of such a reactor concept is shown 
in Figure 13 [ 32). 

If the combustion chamber wall is shielded from t he plasma pul se by injected 
gas, the heated gas might be exhausted from the chamber through a relatively 
inexpensive, pulsed MHO hot-gas generator. Several atmospheres stagnation 
pressure at a few thousand degrees temperature could be produced. Such a system 
might permit electricity generation with higher t otal efficiency ( ~ 60%) for 
moderate pR (~ 10 g/cm2) pellet OT or DD burn. or fo r a 5 g/cm2, h1gh-charged­
particle-fraction (e.g. D_3He) pellet burning . Such pR' s may be obtained with 
a few hundred kiloj oule l aser, if the pellet is compressed to 104 g/cm3 densities. 
However. at these high pR·s. 10-30% of the fusion energy 1s radiated -as x-rays. 

Hence the ul timate efficiency of -this approach is limited by the efficiency with 
which the x-ray energy may be converted to electricity. Pulsed injection of 
higher Z gas around t he microexplosion site just prior to detonation may prove to 

251 



PHOTON- AND NEUTRON·DRIVEN COMPTON GENERATOR MECHANISMS 
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Figure 12 

be a useful technique for convert ing such x-radiation to plasma which may then be 
processed in an MHO duct [26,32]. 

The rapidly expanding fusion firebal l may be made to do magnetohydrodynami c 
work on a magnetic field imposed from outside the combustion chamber, transforming 
its energy into that of a compressed magnetic fie l d. Induction coil s suspended 
from the combustion chamber walls might be used to transform the compressed field 
energy di rect ly into electricity. in a manner basicall y very s imil ar to the way an 
ordinary power transformer works. The physical principles and typical operating 
parameters of such an approach are indi ca ted in Figure 14. The basi c feasib i lity 
of such fireba ll -ta-electric i ty energy conversion has already been demonstrated 
[28]. l ow capital cost. high efficiency (~ 70%) electri ca l energy generation may 
thus be ul timately attainabl e. in advanced l aser- fu s ion eTR systems. 

Using conventiona l el ec t r i city generat ion methods. the heat from 100 108 joul e 
(low-pel let-cost) fusi on pul ses per secon~ coul d be used to generate about 4000 MW 
of electri ci ty. Such a power plant wou l d cost perhaps $800 million . of which 
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DI RECT CONVERSION OF MULTI ·MEV NEUTRON ENERGY TO ELECTRICITY 
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perhaps $200 mi ll ion could be devoted to the laser system . The l aser and gas 
circul ating equipment are expected to consume about half of this, l eaving $100 
mi l lion to pay for a 107 joule. lOO- pulse/sec power supply (assumi ng a 106 joule 
l aser and a 10% la ser pumping effi ciency), Various estima t es indicate t hat this 
amount ($l O/ J) will suffice to purchase such a power supply with a 10 year 
lifetime [ 29]. 

An attract ive alternative to such approaches i s offered by the use of exotic 
fusion fuels 1n eTR combined with the associated direct conversion potenti alities. 
The use of exotic fuels--neutron-and radionuclide-free proton burning of selected 
higher Z nuclei--is especially feasible in the super- high density approach to CTR, 
for electron-i on coupling and associated radiative losses are suppressed by small 
Cou lomb logarithm va lues. Some of the more l ikely candidates for such fuels [31] 
and thei r salient properties are indicated in Figure 15. The <0\1> for the best 
of these exotic fuels. t he p_Bl1 combination, is compared to these for DT , DD, and 
OHe3 in Figure 16. A sketch of a pulsed fu sion power pl ant concept which 
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AC MHO CONVERSION FROM THERMONUCLEAR MICRO EXPLOSIONS 
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Features 
• Basic feasibility demonstrated - ~ 70% of KeV fireball 

internal energy convened to compressed magnetic field 
energy (Haught, et ai, 1970) 

• Low magnetic field intensities suitable - 2·4 Tes!a for 
107 jou le microexplosions 

• 500·5000 kll, :: 1 ,",sec ri se time pulses available for direct 
transmission line excitation, or for transformation 

DESIRED EXOTIC CTR FUEL CHARACTERISTICS 

• 1) Reactions involving virtually no neutro ns or radioactive elements. 
• 2) Fuel reactants cheaply and inexhaustably available. 
• 3) Principal energy ou tput in charged particles to allow efficiont direct conversion. 
• 4) Non ·prohibitive m requ irements: 

Le.: EThermonuclear X Conversion Efficiency > EE xtcrnal Heating 

generally requiring: 

EThermonuclear> ESrems + EOther 
Losses 

[Fuel Ign it ion Condition ) 

• 5) Energy generation possible under technically accessible conditions . 

F.i gure 15a 
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PROPOSED EXOTIC FUEL CANDIDATES 

• p + B 11 -+ 3He4 + 8.7 MeV (WZW): Essentially meets all above conditions. 

• p + Li6 -+ He3 + He4 + 4.0 MeV (Post): Meets 1-3, but apparently not 4 and 5 (under quasi­
thermal conditions) . 

• p+Be9
-+ Ct' + U 6 + 2.1 MeV 
~D + BeS + 0.6 MeV 

4 D+O ...... O+T 

• D + liS -+ He4 + He4 + 22.3 MeV 
l p+ U 7 + 5 .0MeV 
4. T + US + 0.6 MeV 

4 D+T 

(McNally) 

{

Tr itium 

Breeding 
Reaction 

Meets 2 and 3, but not 1 
Also not 4 and 5 under quasi-thermal 

conditions 

• Fusion Chains (Jetter, Post, McNally); Potent.ially meet 2, 3, 4; 1 and 5 in doubt. 

Figure 16 : 

Figure 15b 
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directly converts both plasma and x-ray energy via exploitation of the neutron­

and radionucl ide-free nature of exotic fuel burn i s shown in Figure 17 [32]. 

Our view of how the various forms of pulsed fusion energy might be most 
appropriately converted to el ectricity is indicated in Figure 18. for both early 
and advanced systems [32]. 
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CONCEPTUAL DESIGN OF MHO CONVERTER-COMPTON GENERATOR MODULE 1100 MW.) OF pall.BURNING 

PULSED FUSION POWER PLANT 
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Figure 17 

In the mid-seventies crucial super- high density 
wi th be carried out with lasers now being designed, 

• - 100 MW, OL>tj)IJt 
• _ 8SMWeat 106. 107 vohs 
• - 1S MWe 1I 30-40 kV (isolation required) 
• - 80 MW, high tlmperMure 

"wane" heat 

• _ 102 microexplosioJls per III!cond, 

of - 2 megljoules nch 

• Applied ml'll1etic lield 01 
- 1 Testa 

laser implosion experiments 
Edward Teller recently 

emphasized the importance of these experiments-"A third of a century ago, liquids 
were considered incompressible for al l practical purposes. We are talking now 
about at least thousand-fold compression. if l aser fusion is to be practica l . 
This i s a challenge which we cannot afford to ignore. I believe that we shall 
succeed. and that the effort will profoundly change our views of how man and 
matter can interact." Practical power production also depends on the success of 
programs now underway to develop pulsed lasers with suffi ci ently high power, 
energy. frequency, and efficiency . and on the engineering of economic reactors . 
We are excited by the chal l enge of these difficult and complex tasks, and by ·the 
prospect that the mastery of fusion may be more important to Man than the 

harness ing of fire . 
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THEORY AND EXPERIMENT IN 

LASER DRIVEN FUSION 

Keith A. Brueckner 

KMS FUSION, INC . 

The production of fusion energy from a pellet of 

thermonuclear fuel can be achieved on a level useful for 

power production only if the pellet is highly compressed 

with efficient energy transfer from the external energy 

source into the pellet. The simple model of a uniformly 

compressed DT sphere can be used to determine the fusion 

energy production. Figure (1) gives the ratio of fusion 

energy output to init ial thermal energy for a uniform 

initial temperature of 5 kev. The energy multiplication. 

for an initial thermal ene rgy of one kilojoule, is 5 at· a 

density of 300 gm/cm3 , 16 at 600, 40 at 1000, and 80 at 

2000. For high energy input on high compression, the energy 

multiplication levels off at about 200 corresponding to 

about 35% burnup of the DT. The " energy mUltiplication can 

be increased if the fuel is only centrally heated to the 

ignition PQint of 5 kev, with the re.st of th"e fuel ignited 

by an expanding supers?nic bu~ning front propagating outward 

from the fuel center. Figure (2) shows a typical e xample 

of the propagation of .p supersonic burning front. Figure (3) 

shows the energy multiplication with the fuel center heated 

to 5 kev over a few micron radius and the rest of the fuel 

at 500 ev. With an initial thermal energy of one kilojoule, 

the energy. multiplication is 130 at p = .600 gm/cm3 400 at 

p = 1000 gm/ cm3 and 700 at p = 2000 gm/cm3 ~ The energy 

multiplication reaches a maximull! o-f about 1200 for initial 

thermal energy of 5-10 kilojoules, independent -of initial 
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density. corresponding to about 35% fuel burnup. The effect 

of the centrally-initiated b~rning wave increases the energy 

multiplication by about a factor of ten over the uniformly 

hea ted case . 

Calculations of the implosion of a DT sphere in 

spherical symmetry show that high compression can be pro­

duced by a laser pu l se with p.roper time variation. The 

pre~sure driving the impl osion is produced by the penetra­

t ion of energy from the underdense laser deposition region 

i nto the dense plasma which results in ablation of the 

dense pellet surface. The efficiency of this process 

depends on the efficiency of energy absorption from the 

l aser beam into the underdense plasma and on the subsequent 

energy partition between the compression of the dense pe~let 

core and the energy removed in the high temperature expanding 

plasma produced by the ablation process, The latter parti­

tion can be estimated from a hydrodynamic model Qr deter­

mined by computer simu l ation of the energy deposition , energy 

transfer, and hydrodxnamLc processes . The resu~t is that 

6 to 10% of the absorbed energy is transferred into compres­

sion and heating of the dense pellet core. 

Detailed computer simulations of the full process 

·of laser coupling for 1. 06 mi cron wavelength, thermal energy 

flow , h"ydrodynamics, nuc l ear reactions , and of the energy 

transport in the nuclear reaction products and radiation , 

give results in appr~xim'ate agreement with the numbers 

just given. Of particular irlt"erest for the experiments 

nOW being undertaken by several groups in the USA· and" other 

countries is the prediction that the "breakeven " conditioh; 

with fusion energy equal ' to laser energy , can be reached 

with laser energy of about one kilojoule. This predicttbn 

h olds, however , only if several conditions are satisfied. 
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These are: 

A. Configuration requirements 

1) l aser pulse time variation properly 

matched to pellet configuration 

2) spherical symmetry of pellet 

i l lumination 

3) spherical symmetry of pellet 

con f igura tion 

B. Physics requirements 

1) stable hydrodynamic motion 

2) adequate laser-plasma coupling 

3) absence of appreciable pellet preheat. 

I f t hese requirements are not met, the breakeven energy 

can be very markedly affected. Particularly striking is 

the effect of a poorly matched laser pulse. The breakeven 

energy for a square laser pulse and a DT sphere is several 

h undred megajoules. A drop in compression of a factor of 

t en as a result of imperfect convergence can increase the 

breakeven energy by a factor of ten to one hundred. 

The c onf i guration requirements on the l aser energy 

va riation in space and t ime , although diff i cult to meet , 

can be sati sfied with prope r ly designed i llumination systems 

an d l aser osci l la t ors. g i ving control lable sequences o f 

s t acked p ulses. The pellet symmetry can also be prov i ded 

by c a reful pe l let f a brica tion and selection methods. We 

h a ve studied the effect of v a riat i on in the laser and pe l let 

p arameters , using 2 - dimensional computer simulation , and 

determined the al l owabl e departures from complete symmetry_ 

These conditions are imposed on our l aser system and pe l lets . 
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The problems of the physics of the laser-driven 

process are too difficult to resolve without experimental 

results, although very important analyses and calculations 

have been made. 

The stability of the pellet implosion has been 

studied analytically and by computer simulation, using a 

2-dimensional code. The results show stable motion , with 

initial disturbances not being amplified during the implo­

sion. The laser-plasma coupling presents difficult problems 

which are of a complexity very familiar for the past two 

decades in the controlled-fusion programs. Closely 

associa"ted with the coupling problem is the effect of 

anomalous laser-coupling on the energy flow into the pellet. 

Present theories estimate that a wide range of anomalous 

phenomena can occur which may seriously alter the predic­

tions of the laser-driven process. Experiments are intended 

to resolve these uncertainties . 

We have carried out a number of experiments using 

a neodymium-glass laser brought to full operation during 

July of this year. The laser configuration is shown in 

Figure (4) The laser driving the main amplifier 

train is a VKBQO laser built by CGE, with some modifica­

t ions and with Owen-Illinois ED-2 glass replacing the 

original French laser glass . This laser operates reliably 

on a six minute cycle with an energy output from the 80 

millimeter output amplifier of 250 to 350 joules. A 

considerably higher output is possibl e, but has not been 

used because of possible glass damage from self-focusing. 
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The output from the 80 mm amplifier is expanded to 100 mm 

diame ter and further amplified in seven amplifier modules 

built by GE. Each module contains three disks of glass at 

Brewster's angle. The path length of the laser beam in 

each disk is 3 centirneters and the effective aperture is 

122 crn
2

. The glass stores 0 .32 joules/cm3 with 8 key 

1 1 . / 3 pump amp vc t age and 0.36 Joules cm with 9 key pump! amp 

voltage. with 200 joules input with 3 nsee pulse width 

(FWHM) to the GE system. the measured output from the first 

s ix modu l es is approximately 840 joules at 8 key flashlamp 

voltage. The predicted output of seven modules at 8 key 

is 990 joules and at 9 key approximately 1400 joules. 

The measured gain is in goOd agreement with the design 

predictions. 

The laser is protected agains t damage from reflected 

laser energy by Pockel cell isolators at the entrance to 

the 16 mm rod of the main amplifie r chain. between the 23 

and 32 mm rods. by a Faraday rotator between the 45 and 

64 mm rods, and by a Faraday rotator at the exit of the GE 

amplifiers. The protection is adequate against the full 

output energy reentering the exit end of the GE rotator. 

The laser pulse beam from the CGE oscillator is 

approximately Gaussian with a pulse width (FWHM) of 1 .3 

or 3 nanoseconds. The pulse is strongly distorted through 

the CGE and GE amplifiers due to partial saturation of the 

amplifiers. A pulse-stacking oscillator has been built to 

replace the CGE oscillator to give controllable pulse beams. 

The arrangement of the oscillator is shown schematical ly in 

Figure (5) . This oscillator will be installed by mid-August. 
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The target area is shielded to allow breakeven 

experiments at the kilojoule leve l. The arrangement of 

the target area is shown in Figure (6). The chamber con­

figuration allows the mea surement of X-ray spectra by 

spectrometers , fast diode s , thermoluminescent diodes, and 

photographic plates. The neutron production is measured 

with several calibrated scintilla tors with l arge aperture 

and with time resolution of a few nanoseconds. In add ition, 

the integrated neutron production i s measured through silver 

foil activation. Provision has been made for time-af-flight 

measurement of the neutron ene rgy spectrum. For measurement 

of the spectrum from a single neutron pulse, a DT neutron 

yield of about 108 is required. 

The illumination system of the present laser 

configuration is s hown in Figure (7). The illumination 

of spher i ca l targets is uniform to 5-10% , the indicated 

corr ection p l ates perturbing the laser flux suff iciently 

to give uniform absorbed intensity on the targe t, after 

correction for the non - normal incidence. Othe r lens and 

mirror arrangements are being completed which will give 

further improvement in the illumination pattern. 

TWo- dimensional , cylindrical geometry computer 

simulations have been made of the response of CD2 shel l s 

to non-uniform illumination by the KMS Fusion l aser. 

TWo configurations are shown here . The first is two-sided 

illumination with two £/2.6 lenses. The second is two­

sided illumination with two f/1 .0 lenses. The calculated 

energy absorptions versus angle from the axis of symmetry 

are plotted in Figure (8 ) for the two cases. The calculated 
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plasma distribution at the time of collapse of a spherical 

2 ~m thi ck shell of 200 ~m d i ameter is plotted in Figures 

( 9 ) and (IO) for the f/2.6 and f/1.0 lenses, respectively. 

The grossly non-spherical convergence resulting from the 

f/2 . 6 l enses is in strikinq contrast to the much improved 

convergence resulting from using f/l.O lenses. 

The reflectivity of targets under intense laser 

i llumi nation has been t h e subject of intensive theo-retical 

and computational analysis and of more limited experimental 

study. The theory of l aser deposition predicts two princi­

pa l classes of instab i lities resulting from coupling of ion 

density waves, electron p l asma oscillation, and the incident 

and reflected laser waves . One class of instabilities 

resulting from the excitation of trans verse ion and p l asma 

waves with wavelength much less than the laser wavelength 

i s expected to increase the laser energy absorption and to 

produce a marked increase in electron energy together with 

a strong departure of the energetic electron distribution 

from Maxwe!lian. Another class resulting from longitudinal 

i on or electron density fluctuation, i.e., stimulated 

Brillouin or Raman -sca ttering, i s predicted to lead to a 

marked increase in ref l ectivity, possibly sa turating at 

h i gh l aser power with reflectivity coe fficient approaching 

un i ty. The threshold for the instability is expected to 

depend on target material and the illuminated ar~a and 

pulse l ength , the l atter since they determine the density 
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gradients in the region of laser deposition. The thresholds 

are , however , expected to be reached for one-micron laser 

wavelength for power in the range of 1012 to 1013 watts/cm2 , 

for illuminated areas with characterist ic dimensions of 

the order of 100 microns. 

We have measured target r ef lectivity and electron 

temperature using an energy output up to 300 joules in a 

pulse with 3 nanosecond duration (full width at half maxi­

mum) , delivered on plane CD2 a nd CH2 targets through a 

f/l.5 aspheric lens giving a measured vacuum focal spot 

of 60-80 microns diameter. The laser energy incident on 

the target chamber was measured calorimetrical lYi the energy 

on target was obtained by correction for window and focusing 

lens losses . The reflected energy was measured with fast 

photodiode s which directly compared a reference signal 

reflected from the incident laser pulse with the reflected 

energy from the target . An independent measurement was 

made calorimetrically of the energy from the target reflected 

from the 80 mm output face of the output amplifier of the 

laser. Relative measurements of the target reflections 

were also made calorimetrically at stations in the amplifier 

train of the laser . 

The apparent electron temperature for photon 

energies in the 8-12 kev range was measured by a pair of 

fast diodes wi t h aluminum foil attenuators. More complete 

measurements over a wide range of photo energies were also 

made on selected laser pulses using a film detector with 

graduated aluminum attenuators . 
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The reflectivity was found to vary rapidly with 

target position, with the maximum reflectivity associated 

with the vacuum focus 50 to 75 microns above the target 

surface. This position also corresponded with the point 

of maximum hard X-ray yield and with the maximum soft 

X-ray flux. 

The measured reflected energy was that collected 

by the 8 cm diameter f 1.5 illuminating lens. This target 

reflection was also monitored at 45 0 and appeared to be 

very low, in agreement with previous measurements of the 

angular distribution of the reflected energy. We cannot 

at the present, however. exclude the possibility . that some 

diffuse scattering occurs, increasing the true target 

reflectivity over our measurements. Improved reflectivity 

measurements will be carried out in the near future. 

The variation of CH2 and CD2 reflectivity with 

target position for laser energy on target in the range 

of 100 to 110 joules is given in Figure (11). Figure (12) 

gives the measured peak reflectivity in CH2 and CD2 as a 

function of laser power on target, for a 80 micron vacuum 

focal diameter. The reflectivity peaks in the range of 

40 to 80 jou1~s on target or 3 to 4 X 1014 watts/cm2 , and 

drops by a factor of two to three at the maximum ene rgy 

of 160 joules on target or 1015 watts/cm2 . The high peak 

reflectivity at 3 X 1014 watts /cm2 may be associated with 

the onset of stimulated Brillouin scattering and the sub­

sequent drop to saturation of the stimulated Brillouin 

scatter i ng and the onset of anomalous absorption. 
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The variation of reflectivity during the laser 

pulse a l so clearly shows the onset of markedly increased 

absorption at high laser power . For energy less than 

approximately 40 joules, the reflected signal has the 

same time variation as the laser pulse. As the power 

increases. however , the reflected signal shows increased 

absorption, the signa l becoming marke dly distorted and 

the reflected power appearing to saturate. The details of 

the reflected pulse show some pulse-to-pulse variation, 

probably associated with small displacements of the target 

position relative to the laser focus. A characteristic 

pulse form at high power shows a strong late r eflec ted 

signal following a satura ted reflectivity plate au. This 

is an indication of the rising r e flectivity with decrea~ing 

laser power for the strongly heated plasma produced by the 

maximum laser power. 

We have also observed neutron production associated 

with a laser pulse directed on a solid CO2 target. The 

neutron production has been observed with laser energy 

delivered to the CD2 target in the range of 65 to 175 

joules, corresponding to a peak power at the target in the 

range of 4 x 1014 to 11 x 1014 watts/cm2 The plane target 

was positioned at the point of maximum reflectivity which 

also corresponded with the point of maximum production of 

hard X-rays. The neutron yield was measured with two 

plastic scintillators heavily shielded against X-rays, 

placed at 25 to 30 centimeters from the target . The time 

resolution of the scintilla tors was calibrated against a 

plutonium-beryllium source of known strength and against 

a beta source giving calibration pulses . 
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The characteristic signals detected consisted of 

an initial pulse of hard X-rays (s everal hundred kev) 

followed by a neutron pulse at 12-15 n anose conds after the 

hard X-ray pulse. Delayed neutrons we re also obs erved 

following the X-ray pulse by 60 to 70 nanoseconds. In 

several cases the delayed neutron signal was much stronger 

than the prompt neutron signal and occur red wi th a time 

spread of tens of nanoseconds. 

The prompt neutron signals were not observed with 

laser energy under approximately 50 joules on target and 

were not always seen at the maximum energies of 175 joules 

on targe t. The strongest prompt pulses observed corresponded 

to several neutrons on the detector. From the detector 

sensitivity and geometry we infer a total neutron produc­

tion of 400 0 to 8000. with a weak dependence on laser 

energy. The. time delay of 12-15 nanoseconds from the hard 

X-ray signal is in agreement with the transit time of the 

neutron from the target to the detector; we conclude that 

these neutrons are produced by DD reactions in the target. 

The delayed neutron pulse , which is often much 

more intense than the prompt pulse, might arise from pri ­

mary neutrons from the target scattered in the chamber 

wal l s or from other more locali~ed scattering sources 

distributed around the chamber. This explanation can, 

however, be ruled out since 1) the secondary scattered 

signal can be estimated and is easily seen to be consider­

ably weaker than the prompt signal, and 2) the scattered 

neutrons should show time delays continuo usly distributed 
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from the onset of the prompt neutron pulse to many tens o~ 

nanoseconds, in contradiction with the clearly def ined 

delay of 50-70 nanoseconds observed. The delayed neutron 

pulse is consistent with fast deuterons from the target 

impacting on CO
2 

target debris from previous laser pulses 

distributed as a contaminant on the exposed inner surfaces 

of the chamber and on the illuminating lens . 

The response of thick deuterated polyethylene 

foils to the KMS Fusion CGE laser has been computed in 

two-dimensional cylindrical geometry. The single fluid , 

two-tempera ture plasma model is used. Thermal conduction 

and electron-ion energy exchange are included. s hocks are 

treated by introducing a von Neumann-Richtmyer artificial 

viscosity. 

The computed peak electron temperatures , e 
e 

and neutron production. N • for laser energy outputs . 

of 1 00j . 200j. and 300j are pr,esented in Table I for various 

spot 

tion 

s i zes, RO' 

is taken to 

(The spatial distribution of the radia­

be proportional to exp[ - (r IRO) 2] .) 

TABLE I - CD2 
FOIL RESPONSE 

Pulse EL RO 8 N 

Width 
e 

(ns) (j) (~m) (kev) 

3 100 50 1.2 8.102 

3 200 40 1. 55 6.5.10 3 

1.2 100 30 2.0 4.5.103 

1.2 200 30 2.4 3.104 

1.2 300 30 2.56 9. 1 04 
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Although the computed peak electron temperatures 

range from 1.2 to 2.56 kev, the peak ion temperatures 

range from 0.4 to 0.7 kev . Peak ion temperatures are 

typically obtained in a region . between the critical den­

sity surface and the thermal conduction front, where the 

plasma density is of order 0.02 gm/cm3 . 

The computed neutron outputs of severa l hundred 

to a few thousand neutrons for 3 nanosecond pulses con-

. ta ining 100 to 200 joules are in agreement with the prompt 

neutron measurements. The data does not indicate any need 

to invoke any anomalous ion heating effects. 

The calculated plasma distribution at peak condi­

tions for the 200 joule , 1. 2 nanosecond. 30 ~m case is 

plotted in Figure (13) . The relatively planar snape of 

the calculated critical density surface over the spot 

size can be seen in Figure (13). 
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PLASMA ACCELERATORS 

A.I.Morozov 

I.V.Kurcbatov Institute of Atomic Energy 
Moscow, USSR. 

A machine that produces fast qUBeineutral flow of ions and 

electrons we call a plasma accelerator (PA). In a such flow an ave­

rage directed velocities of ions and electroDe are approximately 

equal. Hence an ions carry main part of the total Kinetic energy 

store. At a velocity range V ~ 108cm/sec that is of interest for 

the fYBion purposes an expenditure for the electron acceleration 

are small relatively 8S well Ba absolutely (~I e.v ). 

So one can call plasma accelerator aB a machine for the ion 

acceleration under quaslneutrality conditions. A physics of the 

PA in distinction of the plasma throne physics is quite adjacent 

to the high temperature plasma physicse This is p18smadynamicB of 

high velocities as Boon as ionization and radiation processes are 

of minor importance. 

The role of the PA in the development of physics Bnd technics 

will grOff. 

One can Bee it in Fig.1 where typical regions of the gssdyna­

mice, mechanical systems, charged particles accelerators and PA are 

indicated in the density-energy frame. The development of FA ie 

of great importance not only by itself but also from the stand­

point of general plasmadynamic progress. 
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Acceleration processes and electrostatic field 
in plasma 

There are two approaches for analyzing the main problem of ju­

sion - plasma confinement problem I a motion of an independent parti-. 

cles is investigated or an equilibrium MHD configurations are studi­

ed. Just the same can be made for the FA analysis. 

At first some remarks concerning MED approach to PA problems. 

&slc equation of motion __ ~» 

d -" -/ . 
j' _ V_ ~-V(Pi +Pe) + C J-XH 

ct.t: 
has intertial term, in distinction of the confinement problem equa-

tion. 

In this survey I shall detally deal with the electromagnetic 

accelerators only for which a pressure gradient term. is relatively 

small. Another difference of the accelerator problem in oomparison 

with the confinement problem is a Hall effect term in the Ohm law 

equation, i.e. essential difference in the electron and ion compo­

nents behaviour. 

The picture of processes inside an accelerator becomes more 

clear if one starts from eq. (1), but from analysis of the every 

component ·dynamics, i.e. uses two liquid plasmadynam1c equation. 

Let us start from the equation of an ion motion .... 

M dV= _ VPi +e(lt.L[v'HJ)rft 
dt nee 0' 

An ion can be accelerated .it~r by the ion pr.ssure gradient (IT Pi l. 

by the electron friction (~ l or by the electrical field (El. 
A L.orentz force does not change an absolute value of velocity and 

it cannot be related to accelerating forces. 

There are peculiar PA which operate due to the every of above 

mentioned forces. 
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But I shall concern only those PA for which terms 

are small and ions are accelerated by an electrical fie ld. For this 

case let us wrtie approximated equation: 
clv ~ -( - ~J) t1 Q'tc = e ( £ + C [ V H 

It should be emphasized that our reduction does not put any limita­

tions on the density of flow. Electrical acceleration is realised at 

any density and ususl electromotor serves as good example . An elec­

trical field in a plasma is weakened due to the high mobility of 

electrons. So, to clarify existance conditions of the electrical fi­

eld in quasineutral plasma, let us write down equation of electron 

If there is norecaway in the system, the electron inertia term can 

be discarded. Neglect ing ohmic resistivity of plasma one gets s~ 

pIe equation for electrical field: -E 
J ~-

= - t- [VH] - vPe 
n (5) 

From this basic equation one can see two extreme approximations 

a) E"" - 17";e 

b) E ~ - ! [V" rl J 
In the first case electrical field is formed by the electron 

pressure. Electron pressure acceleration is realised in so called 

nonisothermal accelerators of which some systems deve loped by Conso­

ly (with UH electron heating), Semashko and Kuzn.tsov (with h1gh­

voltage injector) and Demirkhanov et al., Gabovich etc, are well 

known [1 ] ~ 
I shall not deal with these systeme detally but I'll try to con­

sider the second CBse which seems to me more general. In this appro­

ximation electrons are frozen Bnd any motion along E is confined by 

the Lorentz force. Hence we can call such systems as Lorentz ones, 
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or systems with overequilibrium electrical field. 

Everywhere below we shall consider stationary systems with ele­

ctrostatic f ield. For such CBse E6 -vf and magnetic force lines are 

equipotentlal. {cit i7Pe~O , 

We can write down this fact aB where J' is 

the magnetic f orce line index. As it is Be en from (7) t he drift of 

electrons is needed to maintain nonequilibrlum electrical field ob­

viously. The drift of electrons occurs aloud the surfaces <P ( !)= 

sconst. The condition of magnetic force lines equipotentlality determi­

nes the potential value along the line itself , but it says not about 

potential change while transition occurs from one line to another. 

~wo different situations are possible; 

a) magn. force lines are closed and do not cross the walls of 

the plasma chamber, where the flow passes. Such s ituations are rea­

lised for instance in coaxial guns, magnetoplasma compressors and 

80 on (Fig.2a). 

b) All magn. force lines (ar~ c roes the chamber walls. Due to 

the limitations I shall confine myself with the second case (b). In 

these systems the dependence r:p ( r) ls specified either by dissipation 

processes (which we neglected in (8) or by the boundary conditions. 

Having installed along the walls the mozaic of electrodes with pro­

per potential distribution it would be pOlaible therefore to obtain 

for the secona. osse (b) any orbitrary dependenoe 'P( r). Then, even 

weak interaction of flow with walls given the potential of the force 

line equals to the potential of corresponding electrode (with an ac­

curacy order of liTe l. It is obvious that at such supposiUon 

the equipotentiality condition (8) det ermines the electrical field 

in all volume of plasma. just as Laplace equation L\ f.o determines 

its distribution in a vacuum. 
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The most various electrical field structures can be formed in 

plasma by the change of the magnetic field geometry and potential 

distribution along the walls . One can therefore perform any trans­

formation of the ion flow: acceleration, focusing, sepa~'ation, de cce­

leration (recuperation), confinement and so on, Vie shall consider 

a set of s ome peculiar systems based on above mentioned principles. 

Now let UB make some general remarks. 

First of all - about electron drift 

We have underlined that drif t is principall necessary for main­

tenance of the nonequilibrium electrical field. The Bimplist way for 

supporting the drift is to us e axially symmetrical magnetic field 

without asimuthal component (Ho=O). 

For the steady state symmetrical conditions the electrical field 

has no 8ai.mut"hal component , aequently the electron drift will be 

closed. 

If magnetic field is descripted as function of the magnetic 

flux 'f (where H e 0 - i i'f ' Hi!. = i g: ) • eo one can 

write 'P = 'P( 'f') (10) 

If a system has no axial eymmetry (for instance, due to the asymme­

trical fuel feed), it is possible to demonstrate the coincidence of 

surface of constant electrical potential,the drift surface and surfa~ 
for 

ce described by formula the codnstant electrical potential surface, 

drift surface and surface 

= -const 

are the same ones. (We assumed Te --- 0 and no electron 108ses to 

wall.). 14agni tude I-V is generalization of the well known in the 
17 

theory of flat flows parameter of frozen el-ectrons ae ~ H 

and so called spec1fie volume of the magnetic pipe (tube) U:zJ,// 
The second remark conoerns finite value of Pe -. The matter itS 
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that in the many cases the influence of the el ectron pressure is 

noticeable though not crucial. 

If we ass~ the temperature to be constant a long the magnetic fo­

r ce line (what i8 but natural for very wide range of parameters) 

( 12) 

s o from (5) if f ollows that "thermalization" potential le constant 

along the line aleo 
xTe ( Y) 

e 
Here f7 is relevant value of plasma density, 170 ie arbitrary 

constant. 

Some general remarks will be made further. 

Plasma lenses. 

Above considerations were demonstrated most clearly by Zukov 

in his experiments wi tb 10 called plasma lense. As it is known t he-

re are two simplest vacuum lenses: electrostatic and magnetic. The 

first one represents a r ing with some voltage applied (Fig.3a). I ts 

focusing distance i8 given by formula: 

h = R -128 \Vi 2. . 

3 fT (eUF )2. . (14) 

Here R is ring radiUIJ \Vi - ion energy. 

For argon ion source at enorgy 10kV, R-5c?'n and U F _IkV we get 

focusing distance FEs6a metres . This is very big distance. Besides 

this lenae is always converging with no respect to the sign of U~ • 

because FE dependee on equare of focusing voltage. Finally, this 

~acuum electrostatic lenae has spherical aberration, that principal­

ly can not be excluded. 

A magnetic lense in its simplest type also represents a eurre~t~ 



bearing ring (Bee "ig. Jb). 

Focusing distance ie given by formula 
r _ R Hi /'fe' c 2 IV,· 
rH - 31T.3 ---ez-. ::12-

For the same parameters of ring at 1000 amper turns, focusing 

distance will be F""'-350 m. If the voltage will be applied to the 

ring under bias magnetiC field for rarefied nOD compensated beam fe­

cusing distance is nevertheless very large ~ FE • ..wt the picture 

will change crucially if dense enough ion beam is treated and a qua­

sineutrallty ia achieved. ' 

Due to the above mentioned equipotentlallty of the magnetic for­

ce lines the electrical field undergoes rearr~gement and focusing 

power in changed. The focusing distance decreases to ~~ em and lenae 

CaD be converging BS well BS diverging with respect ~o the sign of 

the voltage. EW means same brush comb of electrodes (see Fig. 30) the 

control of the potential distribution of the magnetic force lines is 

pOBsible and one can get rid of spherical aberration. 

The plasma lense focusing distance is given by formula [1 ] 

rpe, = R ( e"':t
F 

) f) 

where e is some magnitude order of j{ depending on magnetic 

field geometry and potential distribution across magnetic force li­

nes 1.e. along the electrodes of comb. 

The formula (16) was proved in experiments with the flow densi­

ty and magnetic :field high enough to have Debye radius SDd Larmor 

radius considerably less than lense hole. It is well seen in Fig.4a. 

4b whioh reveal constant Fp e at n;> n e t. lj 1-/ > He" 

It is obVioWl that lense with focusing distance calculated 

from (5 -".1) is electrostatic. Following conditions are featuring. for 

it Re€ «R 

Rie »R. 
where Re e Ri e are tannor radii of electrons and ions • 
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A CCELERAT ORS 

We promised to deal with PA of following conditions magneteforce 

lines of the external magnetic field cross the wall of chamber; the 

drift is closed, a nd V Pe' V Pi' 

Up to now only closed drift PA were investigated in which poten­

tial distri but ion was performed by the two electrodes. More complica_ 

ted systems if made were not studided deeply enough. 

We subdivide all published ~d8 of closed drift PA on three 

classes. 

a) accelerators with anode layer 

b) one lenae accelerators 

c) many lenae accelerators. 

Acceleratore of "a lt and "b" Kinds are studied detally despite 

they did not work with hydrogen fuel. 

s) Anode layer accelerator fil. The idea of this accelerator 

was advanced by Zarinov and consiste as follows. Let UB consider Bome 

metallic box-ionizator with some "Foreward" emitting surface .. This 

box is under high ( ~ '-20kV) positive potential Uo and is plaoed 

between earthed magnetic poles producing magnetic field order of so­

me kilogausses (Fig.5a). It was revealed that near ionizator (anode) 
of 

a quasineutiral layer with thlcmea. "d" order of electron cyclotron 

radius ReA was created. ReA is determined by magnetic field value 

and applied voltage. Inside the layer all the potential drop occurs 

and electrons are drifting perpendicularly to E and H. This layer 

proved to be very stable though a level of the small-scale noises is 

cODBiderable~ Nevertheless,the system keeps high voltage very well. 

A.V.Zarinov and collaborators succeded to obtain flows of heavy 

ions (thallium, bismuth) with densities up to O.3a/cm2 at interelectro 

de voltage - 2 ~' OkV. 
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The applied voltage governs an ion exit energy, the energy jit-

ter is small. 

The magnitude of an accelerated ions current equals to current 

generated by source. The current density of the accelerated ions is 

essentially more than predicted by ,,3/ 211 law of Lengmuire, that is 

due to the space charge compensation by electrone. This system can 

operate without special ionization, though with worse parameters. 

Accordning to theory and experiment for this case ionization occurs 

in anode layer with thickness growing to value 

where Vo ionization frequency 

Vef- . effective collision fre­
quency. 

Operation of above accelerators was studied de tally in "Ion 

magnetron" geometry (Fig.5b). Some drawbacks of the anode layer ac­

celerators are large values of electrical and magnetic fields and 

necessity to arrange all sietem precisely. Nevertheless it seemed very 

useful to test anode lay~r accelerators on hydrogen. 

b) One lenae accelerators. 

One lenae accelerators were made 8S systems for which one tried 

to avoid large E anclH fields and to eaneel precise arrangement. It 

was interesting also to check a possibility to make an accelerator 

with eloIl8ated electrical field ( L » ReL). Stretched accele-

ratingSJne permit to use amall values of el. and magnetic field and 

facilitate. to control the fiel.d .tructuro [1] • 

For two-electrode system the elongation Gf accelerators zone 

may be done by change the metallic chamber for dielectric one (Fig.2b) 
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But an elongation evidenty complicates the dynamics of electron com­

ponent because here, in distinction of the anode layer accelerator 

collisions play essemtial role. 

A long channel puts some demands on ion flow focusing because 

other way many particles will be lost on walls. 

A focueing ie achieved by epecial lenes-like geometry of the 

magnetic field, as it shown in Fig.2b. Due to the equpotentielity of 

the magnetic force linee an electrostatic lenee ie formed that focu-

ses the iUll flow. 

The first experiments with the one lenae acce lerator model pro­

ved ita efficiency. The accelerator operates Be follows: driven sub­

stance (gaB. vapor) is feeded to the gaB distributing anode and 

through a bolcs reaches accelerating channel. There it ls i onized 

inside the electron cloud. Electrons are drifting in the crossed 

electric and magnetic fields. Typical valueH of Te equal to 8 15eV. 

The ions formed are extracted and accelerated by electrical fi­

eld and then iona l enve channe l because channel bugth le much less 

than ion larmor radius. 

Of course. Re l.- <: < Iv • Outgoing flow is compensated by ele-

ctrons from the plasma cathode. Typical voltamper dependence for the 

discharge ie shown in Fig.7. Typical accelerator diameter that pro-

duces ion flo\v of N, 1""1 Xe 

Magnetic field value - 200gs 

at 10A ourrent is order of 10cm. 

In distinction of the anode layer accelerator this one lanae 

P.A. ie well operating at low voltage 1kV (At higher voltage 

a machine was not studied). Inside these accelerators the electrons 

have considerable movability mainly due to the electron fluctuations 

(noise), Electrons current amounts to (0 .1 ~ 0.5) x I discharge. 
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Just this movability is responsible for achievement the distri­

bution 1J( d) • It turned out that usually inside the channel E - !-I 
A study of the oscillations in 1mhz range revealed some peculiar 

features. Structure of oscillations depends on way by which the mag­

nitude kI:::! f~c/ e changes along the channel. 

A theory and experiment show that for kI decreasing along the 

channel, the nondissipat i ve potential oscillations are stable. 

( We call this regime a "positive field gradient It 'iJ H > 0 regime). 

On the contrary, if W ie increasing ('VH <'0), the plasma is unstab­

le. A local investigations showed rotating with constant velOCity 

UEquipotential shift" surface at VH < 0. Typical frequencies of this 

zotationa - 20 7- 70 KHZ • 

In the analogous conditions but with positive magnetic field gret 

dient usually small-scale irregular pulsations are observed. These 

pulsations have maximum 

-1= 
It should be underlined 

of the spectrum at frequency time of flight 
7JrnCVK 

Iv 
that a ll above mentioned remarks relate to 

the "saturated It part of the vol tamper dependence. 

In the regimes with Itnoise ll ion energy is 

ge voltage and spectrum width is 1/3 Uo• 

2/3 of the dischar-

The results of the experimental study of the time of flight os-

cl11ations showed these oscillations are not due to the inetabili-

ties of the whole plasma volume. They are activated by the lIactive ll 

boundary conditions or by the right - wing parts of the perturbation 

equations. In the one-lenae accelerator case lIactivity" of the boun­

dary conditions is detemined initially at the entrance by the ioni­

zation and finally (at the exit) - magnetic field decreaeing. (vfl~o,. 

The right-wing parts in the small perturbations equation can 

arose due to the particles losses on walls and due to the ionization 

in channel. 



As the recent investigations revealed the effective method for 

the operation improving is accurate choice of magnetic field with po­

sitive gradient. It allows t o improve the electrical field structure 

(on terms of the ion flow f ocusing) and ionization zone structure. 

All it permits practically separate the beam from the walls, to su­

press the flight-time instabilities to correct field geometry and 

energetic spectrum of iODS. 

Let us notice recently shown possibility for the suppressing 

of the potential oscillations by virtue of the special fixers of po­

tential which mounted on the waIts [1] • 

Many lenae accelerators 

It was rather difficult to get hydrogen ion flows in the one­

lenae, two-electrode, accelerator because of poor ionizingability of 

the hydrogen. A simple calculations show that for H2 and Ke the equ­

al length of ionization zone will be at feeding ration (expressed in 

particles per second) 'V 1.00 at Te ~ 1 OeV. As soon as power level ne­

eded for discharge firing at such conditions (i ••• without additional 

ionization systems) reaches hundreds of Kilowalta, we developed 

quasistationary two-lenae ~ccelerator. This accelerator was described 

widely, so I will not add anything I'll notice only that many-lense 

systems open new facilities in terms of flow focusing. 

In the one-lense accelerator, we have only electrostatic focusing 

But in the many-lenae P.A. atrong magnetic focusing 

turns out to be effective. A transverse oscillations in this case are 

given by equations 

jj , Jl.'y 
(for large lense number) 

= 0 (2 0,,-) 

is shift from the equilibrium 
fl.2 _ .:L e 2Ho'- ,L 

and . - t ?nzcz. -(6 

where 'y=,, - R 

we supposed the radial component of the magnetic field equal 



We 8ueceded to obtain ion currents ' up to lkA with average energy 

1.5keV in the two lense P.A. But the flow divergence was very high 

( ~ 900). 

Approximately two years ago we showed that in the four-lenae 

P.A. it was possible to get double voltage with respect to the two-le~ 

se P.A. without 108s8s of current. Particles energy was daubed also. 

The flaw divergence was lowered to 600 because of the special mag­

netic field geometry (with zero near the anode). 

The broad speotrum of the ion energy the ligh out put divergenoe 

a! the ion flow, a considerable flow of neutrals in the channel-all 

these ciroumstanoes indioate on dominating role of the reaoharging 

process in volume of ohannel. We have analyzed reoently 8 possibility 

to use this accelerators 8S injector of neutrals for the T-6 Tokamak. 

A oaloulations show that at available holes in the Tokamak jaoket on­

ly 1 2~ of the total ion ourrent oan enter the Tokamak volume. Be­

sides, a power of the trapped partioles will be 10 -20kwt, what is of 

one order of magnitude les8 than many-slit ion sources provides • . So 

we suppose unreasonable to use existing many lense systems. 

It seemed tha in .om. details tho investigations of many lense 

P.A. should be started tram the Tery beginning. A good ioniz~tor8 

should be developod as . ell as systems of effective neutral expelling 

and systems of the potentio t1z1ng along the ohannel. All it needs 

hard w.ork. This work seems Tery necessary and reasonable because many 

lens. P.A. faoilitate to get ion flows in hundred. and thousands amps 

uncamparibly easier that ion deTices. 

I want to underline that plasma .7stems with over equilibrium 

eleotrostatio field are not limited by the plasma lenslo and aooele­

rators. Aa an illustrations I mention a magnetoelectric trap, develo­

ped by O.A.LavrontYlv or an idea of ~rap with nonfrozen ions bu 

frozen electrons that wal advanced by V.V.Zuckov and me. This sy­

stems can be oonsidered as analogue of the one lense accelerator 
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or, more better, BS analogue of the plasma lense, mentioned above. 

I t was called "Ecspt " , which means tlelectrostatic plasma trap". 

An "Ecspt U has a wonderful ability to recuperate the energy of the 

escaping particles. But its descriptions layo out of my survey. 

It seemed to me that all mentioned above demonstrates unlimited 

facilities of the P.A. and plasma systems with aver equlibrium ele­

ctrical fields. Theirs afficiency is proved by experiments and with 

samo practical devices. But it stays much more to do. 
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ENGINEERING PROBLEMS IN CTR 

by R Carruthers 

UKAEA Research Group, CuI ham Laboratory, 
Abingdon, Berkshire, England 

The title was suggested by the Committee, but this is not to 

be a catalogue of the engineering ha:~ards lying. on the road to a 

fusion reactor. There are enough pa:)ers which do this ~ unfo!­

tunately displaying a general lack of practical solutions. 

In this talk I am going to try and give you ~n engineer ' s 

thoughts on the future programme to achieve useful power production 

from a fusion reactor. 

I start with the premise that the plasma physics is in good 

shape. Prog.o::-ess to the point at which the key plasma parameters 

of temperature, density and containment time are within almost an 

order of magnitude of reactor requ~rements is a heartening pOf;ition -

even though experimental success and theoretical understanding are 

not necessarily in accord. 

We must remember that fusion is just another possible resource 

in the highly competitive energy market. A programme of develop­

ment leading to a practical fusion reactor must take account of 

this market, so I shall be examining the energy situation in which 

the future fusion research programme will be conducted. A place 

for fusion in this market will be dependent upon dealing satis­

factorily wi th the question~ tlWhy?" and "When?". That is J " Why 

s h ould fusion power be adopted as a major energy resource? ", and, 

"When must it achieve credibility to be available to mee t the 

market demands? " . 

Fusion Power - Why and v-/hen? 

Fusion power is advocated as a preferred way of fil l ing the 

potential gap between the growing world demand for energy and t he 

likely supply from fpssil fuels . As compared with nuclear fission 

reactors, there is good reason to believe that fusion reactors 

could be designed to operate with out producing such undesirable 

problems of radioactivity . 
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A further advantage is the cheapness and ready availability 

of the fuel supplies . The long term benefits claimed f or fission 

power are dependent upon first establishing the economic claims 

of the fast breeder reactor, and then ensuring its widespread 

acceptability. In the absence of the breeder reactor , fission 

fuel reserves are limited, and the cost of energy will be closely 

linked to rising fuel prices a s - the readily worked reserves become 

depleted. Fusion power avoids this pr oblem - it is difficult to 

envisage conditions arising which would lead to fuel prices having 

other than a minimal effect upon fusion energy costs. 

Turning from this brief consideration of " Why fusion?", let 

us turn to " When? " and consider factors affecting the future 

time - table of research and development . Several a.ttempts havE~ 

been made to outline such a future ,programme, and they are all tending 

towards a number of common features ( 1) (Fig . l) . F-irstly there is a 

consensus that tl feasibility" will be demonstrated before 1980 and, 

secondly, that the prac-tical demonstration of reliable power 

genera tion will . occur around the turn of the cen-tury. The 

intervening years allowing a "reasonable" time for developing all 

the envisaged technologies and experiments which will demonsb:a·te 

reactor conditions , non-economic prototypes etc, leading to a 

·"commercial " design operating by about 2090 . 

describe as a "roll-forward" programme. It is 

This is wha t I yJould 

the technique 

appropriate to scientific programmes which are essentially Qpen­

ended. Is this a justifiable approach: It proceeds with proper 

scientific caution and assumes that v/hen the practical objective 

has been attained and proven , then the world will inevitably choose 

to obtain most of its energy requirements from fusion pdwer plants. 

A recent examination of forecasts( '2} for energy supply and 

demand leads me to doubt this assumption and to propose that a 

future programme for fusion should be based much more on the 

alternative "roll- back" analysis, where compl etion target -dates 

are set and used to establish critical dates in the programme and 

the resources required to meet them. 

The problem of forecasting future energy demands and the 

expected level of resources can be a very emotive topic. I think 

the subject should be first approached as a technical problem in 

which estimates are made by established techniques a nd , usually, 
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justified by reference to previous trends. Thi s gives a background 

of what could happen. 

My next diagram (Fig . 2) shows ·the likely pattern of energy demand 

and fossil fuel resources over: the next 50 years. The limits on 

demand might be regarded as those of the reasonable pessimist who 

assumes that the rate of growth in demand on a world basis will 

settle down to the value at present prevailing in the more 

advanced countries, and the cautious optimist who assumes that 

there - will be no further acce-leration in the rate of growth of 

demand, although there has been a s,teady acceleration during at 

least three decades up to a rate which is now about 5% p.a. on a 

wor ld basis. 

The suqgested upper limits for the rate of produc t ion of 

energy from fossil fuels are derived from King- Hubbert(3). They 

envisage an increase in annual production of up to three times 

t h at prevailing at present. It must be remembered that an even 

greater increase would imply running down the limited reserves of 

oil and gas even more rapidly, and an earlier dependence upon coal 

from increasingly expensive reserves and with high transport costs 

to the poin~ of usage. 

From this diagram we see that the gap between fossil fuel supply 

am energy 

and 2005 . 

demand can be expected to appear somewhere between 1985 

This is the position we are likely to face if world 

development continues to f ollow present patterns, and is the only 

sound basis on which to plan a future energy programme. There are 

.those who talk of an energy crisis and would like to see future 

growth drastically curtailed. Whether or not one agrees with this 

objective, it is difficult to envisage any action due to conserva­

tion or env ironmental pressures which would do more than defer the 

problem for a decade or two. The pattern established over many 

decades could only be changed significantly by decisions made now 

and acted upon universally. 

Responsible energy plans can only be based on realistic 

forecasts - any downward trends as a result of international 

pressures can only be considered as they develop and accepted, 

t h ankfu lly, as relieving the relentless pressure on resources. 
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' Let us now try and fit ~us ion into this energy supply and 

demand picture. As fossil fuel reserves are depleted and costs 

rise there will be pressures for the exploi tation of other 

resources to fill the gap. It is a gap which will grow rapidly _ 

between 200 and 400 MTCE per annum depending upon ~Jhether or not 

fossil fuel production has reached its plateau . If the gap i~ to 

be filled by electricity from nuclear reactors, this could 

represent a yearly installation rate of up to 600 GW of pQ\ ... er plant 

working at 50% load factor. An investmen t programme of this rr,ag ­

nitude is going to call for proven rel i ability and a demonstrated 

life for the 'equipment. This is an unfortunate fact which fu~ion 

must face - novelty alone, even with 'a modest cost advantage is 

never accepted as a reason for a change i n technology. On l y if 

the new development meets a requirement in a way which is uniquely 

advantageous can a new technology become established. This can 

be seen in the history of the elec~ric power industry. Originally , 

the accepted advantages of electric lighting more than offset some 

of the eccentricities of its supply, but now we have a conservative 

industry which, understandab~y, demands that new methods of 

generation and transmission will give as little trouble as their 

present equipment. 

The decision-making years are between 1980 and 2000 - a pm/er 

programme mus t be planned many years in advance . If we look first 

at fission reactors, then we find that development plans slot 

nicely into this timetable. Thermal reactors of various types 

h ave been with us since t!1e 1950s and will have sufficiel1t inte­

g r ated experience to justify a large expansion in their construc­

tion , should the energy gap materialise at the earliest date 

suggested. Fast breeder reactors are not in quite such good 

shape . Although there are more than 10 years of working experience 

with experimental reactors , plans for prototype reactors have 

slipped . Nevertheless the re should' be sufficient commercia l 

operating experience for major decision making in 15 to 20 years ' 

time. 

The "roll- forward !! pr ogramme for fusion , l eading to pilot 

plants around 2000, appears to put fusion at a disadvantage sin.ce 
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performance demonstrated to the standards usually required of a 

displacing technology would not be possible b~fore 2015 to 2020. 

By this time there could be several thousand GW of fission power 

plant in operation, and in the absence of any ma jor disaster, the 

world would have come to t€rms with the hazards of fission waste. 

An argument to introduce fusion an? prevent a further growth of waste 

would not necessarily meet a favourable response. 

It appears to me that if fusion is to play a major 

meeting f -uture energy needs , then considera tion should 

establishing its credibility at a much earlier date. 

role in 

be given 

Full 

to 

development and adequate life experience is obviously ~ot possible 

within this time scale, so it is important to identify those 

features of a fusion reactor whi ch present problems requiring 

serious attention before an acceptable engineering proposal carl 

be made. 

Requirements of a Fusion React or 

Although recent years have seen the publication of a number 

of conce pb.ia l des i gn studies(4), I think it is opportune to 

reflect upon some basic requirements to be satisfied by any 

proposal for the design of a reactor : 

1. I t must b e possible to build the reactor j 

- without invoking unexpectedly advanced 

developments in ma t erials properties . 

2. The r~actor must be capable of re l iable operation 

over a designed l ife j 

r outine maintenance and all possible repair 

work must be possible without requiring a 

technological tour de force. 

3. The reactor must be acceptably s~fe . 

4. The r eactor must produce "economic" p ower . 

These may be felt to be so obyious as to need no comment -

but as evermore sophisticated solutions are proferred for a 

widening range of detailed problems it is clear that such simple 

requirements are easily forgot t en. 
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Most attention has been devoted to the last two items, safety 

and.economics. This is quite understandable - unless a generous 

.assessmen t of the economic potential of a possi ble route to a 

fu sion reactor showed i t to be in the same ball park as competing 

e ne rgy sources , then preference s h ould be given to a more 

favourab l e =oute . The c once rn with safety is t o ensure that 

the potential advantages of fusion are properly quantified so 

that justi fiable comparisons can be made with fission. 

This fi.["st round of conceptual d.asign studies has been 

valuable ·in encouraging a wider appreciation of the way in which 

r eac tor req~irements can reac t back ,:>0 the plasma physics 

r equirements - as for example in estub lishing that toroidal 

r eactors will require a relatively high B and be of large siz€ -

several GWs . To this extent is is a useful discipline in 

establishing a fusion r eac t or orientated plasma physics programrr,c . 

The publicatio n of s uc h studies h as hQ\vever demonstrated to 

hard-headed fi ssion reactor engineer:; how far we are from having 

credible so ::'ution s to many of the n on- plasma physics problems of 

fusion - let al o ne solu tions with a rreliminary e ngineering 

asses sment. In s h ort, without more attention to the f i rst t wo 

items _ con5tructi on and operation - fur ther estima t es of economics 

and safety are unl ikely to be taken seriousl y. 

Towards a Fusi on Reactor 

I referred to the presen t pr ogramme predictions as being o f 

the " roll-forward " type . In the simplest . terms it has been 

considered to have three stages: 

( a) Scientific feasibility; 

(b) Technological feasibilitYi 

(c) Economic feas ibility. 

This simple approach has grave weaknesses. The experimental 

arrangement selected for the demonstration of "scientific 

feasibility " may not be suitable for extrapolati on to meet the 

technological require ments of a power producing reactor . A 

technological solutio n which, although workable, did not satisfy 

economic ccnstraints , would not be a ccept able. The three parts 
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cannot be separated in preparinq the "critica l path" towards a 

fusion reactor - it is clearly preferable if the scientific 

programme is based upon approaches which can be shown to have 

some real reactor potential. 

Another lesson has to be acceptEd as the programme becomes more 

reactor orientated: Scientific certainty is expensive. 

It requires ever more ambitious experiments - but never 

a more than justifiable extrapolation of current data. 

All s u ch experiments can be considered "successful " in that they 

add to the sum total of knowledge. However, progress towards 

a fusion reactor m?y be expedited by some bolder experiments which 

really tested possible reactor concepts. By the standards of 

research some of these would be failures, but to an engineer it 

is useful to know that a concept will not work even if, at the 

time, no one understands why. This is, after all, the pattern 

of tech nological progress - if the standards of plasma physics 

were applied to raising steam in coal or oil-fired boilers we 

should still be awaiting the Ind ustrial Revolution! 

The alternative is the " roll back" analysis. We start with a 

hypothetical reactor concept, worked out to the limits of present 

knowledge for a p~rticular containment geometry and question why 

such a reactor could not be built now. The answers help to 

formulate a programme aimed to resolve specific problems as 

expeditiously as possible rather than await the answers from a 

broader, open-ended plasma physics programme . 

The Tur n ing Point 

lbis envisages a turning point in the fusion power programme 

a necessary decision point in any programme with clear, practical 

requirements as the ultimate objective. The emphasis must move 

from a research phase to a development and construction phase. 

After a research phase which. has laste·d, so far, for. about 

25· years. it is not inappropriate to consider wh~n the turning 

point for fusion might occur. 

Let us examine the problem wit,h the aid of my next diagram(Fig.31 

I have drawn this in a way which emphasises the change of 

312 



philosophy which has to be faced at the turning point. The 

research phase is, quite rightly, a divergent one - although en­

deavours have obviously been made, to limit the range of containment 

geometries for the study of the wide variety of plasma physics 

problems . When the development phase is entered the programme 

has to become convergent. Although the activity is shown as 

expanding to cover a wider range of problems, the motivation is 

now project-ocientated, and there has to be a certain ruthlessness 

in the concentration of the research effort . For example - and 

I admit an oversimiplification - if a containment time of 10 sec 

were obse rved on an experiment wh~n theory predicted 100 sec, t h e 

resolution of the discrepancy would be of interest, but not of 

vital importance to the design of a reactor which required no more 

than 1 sec of containment. In fact the reactor designer might be 

much more appreciative of research leading to a controlled 

reduction or t he containment time~ 

My own view is that we are already at the stage where 'lie must 

consider the implications of the change to a convergent programme. 

Many labocatories are now wocking on plans for experiments on a 

much larger scale than hitherto; T 10 , PLT, JET. The associated 

time sca le is inevitably longer than for earlier projects -

5 to 6 years from initial concept to the first experiments. This 

time scale and the level of investment in both money and manpower 

makes it impottant to ensure that the experiments are considered 

not only for the ~dvances they are expected to make to plasma 

phys i cs, but a l so for their relevance to the problems of fusion 

reactors, and the extent to which the y can be used to deve l op 

reactor technologies . Wherever possible the problems of 

experiments should be solved with approaches which could be 

expected to extrapolate to reactor requirements, although there 

will of course be times when a compromise must be accepted to 

avoid undue delays. 

Some' Fusion Reactor Prob l ems 

At the beginning of my talk I expressed my optimism in the 

present state of plas~a physics. In general, results are as 

good as the a pparatus would al l ow - further progress being 
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dependent upon a scaling up in dimensions, magnetic field, or 

both . To minimise the time to establish the credibility of fusi on 

power there should not be too many steps before r eaching the 

"Technology Demonstration Model!!. I use t his l at t er term 

because the scaling laws for fusion are such that it is a s t age 

which is mo~e appropriate than the power producing prototype 

which is usual in fission reactor development . 

Wha t are the problems whic h such a I1 Technology Demonstration 

Model l1 must show to have been satisfactorily solved? 

They can be obtained from the consi deration of a fusion reactor 

as h aving three main regions : 

(a) Th e interior - the subjec t of plasma physics ; 

(b) The exterior - where neutr ons are moderated, energy 

extracted and tri tium is bre d. A 

region having much in common with 

fission reactors . 

(c) Th~ interface 
region - where there are prob lems of magnetic 

field s , high v acuum , surface physics 

and chemistry, particle sources and 

pla s ma control. 

This latter region has so far received only scant attention 

the problems are wide ranging and appear to call for a new dis­

cipline - Fusion Reactor Science . 

Because so little work has been und ertake n, the problems 

of this region have been somewhat glossed over in conceptual 

design studies which have concentrated on problems of t he 

confining magnetic fie ld structure and neutronics. 

It has b een assumed that such problems as: 

R~actor start-up and heating , 

Refuelling, 
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Removal of the ' exhaust,' fue l, 

Control of particle and ene rgy cont a inment times, 

Control of plasma profile, 

Control of power level, 

Radiation damage, 

Plasma/wall interactions, 

will all eventually be dealt with by solutions which would only 

have a marginal effect upon the ini t.ial concept. 

Is such an assumption justified? One has only to look at the 

Prince ton concept for the introduction of an axysymmetric divertor 

and see its effect upon t he dimensicns of the toroidal fi e ld 

winding t o have some doubts - and this is for a concept which 

does not at present appear to satisfy either the anticipated 

vacuum requirements or the need to be readily demountable for 

'hot ' ma intenance . 

Unfortunately , it is all too common to minimise the significance 

of problems outside t he main discipl ine , a fact which ha s be en 

recognised as contributing to the delays in severa l fiss ion r eactor 

programmes . It i s a practice which stems fr om the tendency t o try 

and se parate scientific feasibility from t echni cal feasibility -

particularly in a chronologica l sens l ~ _ probably due to fea rs that 

first thoughts on t he soluti on of a serious tec hnical pr obl e m could 

cast doub ts upon a scientifically attractive approach - d oubts 

which subsequent research" could remove. I t is far preferable 

to have a paral lel programme of r esearch on the non- plasma 

physics problems. There can then be a progressive re-assessment 

of the practi cability of t he various a pproaches to a fusion 

reactor and , hopefu lly, a n increasing realisation that there must 

be a c l ose interaction between the physics and the technol ogy if 

a convLnc ing c ase is to be made for fusion power. 

Conclusions 

To conclude I fihould like to "restate my optimism on the 

present state of the plasma physics. There are many possible 

pit-fall s a he ad; but t he d oub ts are not, for the most part , 

concerning whether or not power from fusion is scienti fically 
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feasible but whether it can be demonstrated to be acnievab le on 

an acceptable scale. 

I have suggested that more attention should be given to the 

problems of Fusion Reactor Science. In mission-orient ated research 

it is surely just as wrong to do too much physics on an impract i cal 

approach as it is to undertake too large a technol ogical programme 

on an approach which could pcove t o be scientifically unsound. 

Finally I suggest that the time scale is perhaps not as ~ , ong 

as many have assumed. Important investment decisions are going 

to have to be made on future energy resources within the next 

20-3 0 years~ The credibility of ~he various alternatives ought 

to be established by then - it would be a pity if fusion becc.me 

an advanced techno l ogy which just missed the market. 
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ADDITIONAL MATERIAL . 
THE CLEO TOKAMAK EXPERIMENT : J 1-/ M Paul , A Gibson, J Hugill , J Lang, P Reynolds 

PE Stott . 

PLASMA UILlBRIUM IN CLEO TOKAMAK : J. Hugill, J W H Paul , G W Reid and P E Stott 

Additional co- authors: A Castle ,M Forrest, M HaegiK, R Prentice , D D R Summers 

U. K.A.E.A . Culham Laboratory, Abingdon, Berkshire , England 

1. Equilibrium 

The tokamak equilibrium has been extended to 180 ~s for peak currents .of 70kA 

a6 shown in Fig . 1a. The plasma remains witUn ± 5mm of centre for 100 ms . This 

improvement results from using
1
a feedb~ck system on the radial magnetic fie l d as 

well as on the vertical field (O~ = ± 0 . 6 mT , OB
z 

= ± 1.9 mT) . The radia.l field 

system is used to cancel asymmetric flux leakage from the transformer cor~ . 

From measurements we estima~e the average value of the non-uniform vertical 

field Bz/I = 0.32 mT/kA . This agrees with the theoretical val ue for equilibrium 

with 136'"'"' ~.3 (see below) provided the cur~ent profile is flat rather than parabolic. 

Reducing the plasma r.adius (using .a smflll probe limiter) from r
L 

= O.IBm has 

no gross effect on the plasma until r
L

.< 0.16m (q=-4), for which it disrupts . This 

is cons i stent with the fact that the plasma column can move 20 to 30 mm without 

gross effects. For r
L 

~ O.lOm, the maximum current without disruption is alw~ys 

given by q - 4 (Ilp = 2T). 

2. Plasma Temperatures 

Elec tron temperatures at the centre of the plasma have been measured by photon 

scattering a t the two tim~s used f or neutral i njection and correspo~ding valU~B for 

13
8e 

have been derived: 

t 

t 

20 ms 

50 ms 

T eo 
T co 

The latter measur ement i6 at 

230 ± 35 eV 
2.30 ± 70 eV 

~ee = 0.31 

~e e = 0.37 
peak current and can be compared with the conductivity 

temperature (To) so as t o derive an effective Z. The value of To depends on the 

assumed radial variation. 

.) fia t Te(d T 
0 

80 eV Zeff 4. 8 
b) Parabolic T(d T 

00 
150 eV Zeff 1.8 

Tbe flat profile gives a more reasonable Zeff and such a profil e was used to obtain 

13
8e 

above. 

Preliminary diamagnetic loop measurements yielded ~~e = 0 . 2 at 20 ms and 0.4 

at 50 ms. · These are .· ~easonablY consistent with the above values . 

Although the electron temperatures· reported here are lower than in similar 

tokamaks, the l3e is simil ar. We are operating at higher density with flatter 

profiles • 

• Ast rophysics Research DiviSion, RSRD, Culham Laboratory 
I National Physical Laboratory , Teddington , England 
x C.N.E.N., Frascati; Italy 
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Very recent experiments, with a symmetri cal core bias winding, have produced 

discharges for 0.19s with equilibrium 6z ~ 6R :;; 10 mm for 0.175. Thcsc plasmas ha.ve 

lovler densities (ne 1.6 x 101 9 m ~) with similar ~e and consequently higher dia­

m:lgnetic temperatures in the range 300 to 450 cV . Preliminary measurements of the 

ion temperature using a multichannel neutral particl detector give a value in the 

range 100 to 150 cV. 

3 . Neutral Injection 

'l'he in"jected power nas been raised to 65 kW( ...... 30% ohmic power) and the gas in­

troduced to the tokamak made negligible small. There is no observable change of 

any gross characteristics of the plasma on injection. The measurements place a 

limit on the change 

recent estimates of 

exchange losses. 

of conductivity temperature 6T ~ )%. " This is consistent with 
a 

the expected electron heating after taking account of charge 

The steady Hirnov oscillat i ons during the discharge provide a monitor of rota­

tion round the major azimu th . 'I'ile fact tl::at we see no change of frequency of these 

oscillations on injcction , limits the velo'~ ity acquired from the injected beam to 

less tha n 2% of the ~ound speed ,assuming no change in mi nor aZ:lmuthal ve l ocity. 

This corr esponds to n momcntum loss time of 1.3 ms. 

A study of the dcvelopm£nt of the e nergy spectrum of the injected particles is 

reported in an accompanying paper by J. Sheffield e t a1. <:Uld these measurements are 

related to the plas ma parameters quoted above. 

1~ . HicrO\"luve Emiss ion 

Wc ha ve made preliminary measurements of the micrO'rtavc emission in" the range 

A ;: 0 . 1 to 5 mm ~Ihich includfls the electron cyclotron frequency and its harmonics. 

High levels of emission are strongly correlated with copious x-ray emission and 

hence runaway el ectrons but this may no t be true for thc ml~ch lowe r levels of 

emission discussed here. 

'rho total emission in the range is unpolarized and above the classical expect - \ 

ation for electron cyclotron emission directly from the plas~a (i. e . neglect i ng 

~iall reflections). The emis'iion is belo"" that from a black body. 

The observed r adiation has been s pectrally resolved by using a Fourier trans­

form spectrometer with rapid scan . The resulting spectrum Fi g . 2a , appears to 

follow the black body emission within the experimental uncertainty of a factor two 

on absolute values . The peak of the emission is at 2 w
ce

(2.8 mm) and for hi gher 

frequencie~ the emission decreases. The width of the cyclotron emission lines a nd 

the resolution of the inst rument are such that the obse r vations are no t incons i sten t 

with the presence of broad cyclotron emi ssion bands. The discrepancy i n amplitude 

and pol arization might be explained by reflections within the torus . 
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CONFINEMENT OF AN ANOMALOUSLY HEATED PLASMA 
IN A TOKAMAK (T .T. F.) 

M. Ma...uone. 
Laborator i Gas I onizzati (Associazione EURATOM-CNEN ) , C.P . 65, 

0 0 044 Frascati, Rome , I taly . 

INTRODUCTION 
In the T.T . F . e xperiment the pyrex torus has been repla ced 

b y a stainle s s steel torus with the same major radius R = 30 cm, 
mad e from 23 straight tube pieces (1 mm thick , 100 mm inner dia­
me ter), cut and than welded in such a way as to form a pol ygonal 
vacuum chamber. A glass break 5 cm wide allows the longitudinal 
electric field, applied directly at the break, to penetrate across 
the liner. A circular niobium limiter 80 mm inner diameter has been 
used . The copper shell has been eliminated and a vertical field up 
to 100 G d.c. has been provided with a curvature ensuring stabili­
ty.The remanent components of the , experiment are the same as in the 
case of the first part of the paper . 

RESULTS 
l\'1th the stainless steel vacuum chamber we have obtained 

discharges at less than 1 mTorr H2 filling pressure. Fig. 1 shows 
the plasma current lp, primary 
voltage v-

s
' and plasma radius a 

(from streak pictures with a 
slit parallel to the torus ma­
jor radius) versus time, for 
BT = 6 kG. The filling pressure 
was 8.5 10-4 Torr and the verti 
cal field BV was varied to pos1 
tion the discharge at R = 30 cm, 
the optimum vertical field re­
sulting BV = 30 G. The plasma 
position was controlled by 
streak photography . The plasma 
current stays approximately flat 
for 50 usec and then decays . At 
the change of the slope an in­
crease in the primary vOltage 
is observed and the streak pic­
ture shows a brighter plasma 
with a filamentary structure 
giving indication of plasma 
touching the wall. From the 

=:f~< l 
02040 6080 

t (~ .. C) 

Fig I 

measured values of a, lp, Vs ignoring the inductive e ffe ct due to 
the contraction of the plasma c o lumn. a value for the pla sma resi­
stiv~ty can be obt ained . After 20 ~sec the plasma r es i s tiv ity is 
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1J = 5'10-
6 

Sl· m corresponding to a temperature T = 25 eV (Z = 1) 
Before this time, just after the fast rise of theecurrent the plas 
ma, contraction ls so pronounced that the inductive effect excludes 
the possibility of deducing a value for the temperature at this ti­
me, and so confirm the presence of a fast turbulent heating observed 
at higher fl111ng pressure (reported 1n the first part of the paper). 
The q value at the plasma radius ls of the order of one. This fact 
suggests that increasing the value of the toroidal field more sta­
ble discharges could be obtained. In our case, increasing the value 
of the toroidal field, the discharge was displaced more and more 
towards the inner side of the vacuum chamber. Reducing the value of 
the vertical field, it was possible to compensate this displacement 
but the discharge was no longer stable. 

Moreover in the case of Fig. 1, reversing the direction of 
the toroidal field, the discharge was swept inwards. This fact BUg 

gests the presence of stray fields, mainly due to the toroidal field 
coils. In conclusion, a fast rising plasma current (risetime 1 psec) 
has been produced in a Tokamak with conducting liner at less than 
1 mTorr H2 filling pressure. The corresponding voltage on the prim~ 
ry is 3.6 kV. 

A resistivity temperature of 25 eV has been obtained (Z : 1) 
and the plasma is well confined for a limited time. In fact/the 
maximum plasma current possible in the experiment has an upper bound, 
since there appears an instability', whe~ q tends to be small and at 
the sametime BI cannot be increased above 6 kG due to the presence 
of a stray fie d of the ~ coils. 
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Radial Transport of Ions in Tokamaks Including Diffusing Oxygen 

and Carbon impurities. 

D. F. Wchs 

Max-Planck-Institut fur Plasmaphysik, 8046 Garching, F.R . G. 

H.P. Furth and P.R. Rutherford 

Plasma Physics Laboratory, Princeton University, Princeton, U.S.A. 

In previous calculations using the "pseudo-classical model" without 

diffusing imp urities a constant Zeff (~') seemed necessary to re­

produce the measured data from the ST-Tokamak ( a-14 cm, R* 109 cm, 

Bt - 30 kG, I t - 40 kA). Such a Zeff is reached in the calculations 

,., 14 
shown in the figures by a prescribed impurity flux 'O{a) :a-3xl0 

cm_2 a-I at the boundary. In all runs made for different initial 

and boundary conditions. for oh~gen or carbon impurities, Zeff is 

found to decrease towards the wall as shown in Fig. 1. The parameter 

cl. indicates the ratio Otota/ne. total' The profiles for 0 are 

quite similar because the lower 

stages of ionization are only present 
7 

Zeft 

close to the boundary. A dis-

tribution of 0 among the stages 6 -------- ----------

of ionization is shown in Fig. 2 

(fo r the densities and temperatures 

of Fig. 3b). 

Such Zeff- profiles have a marked 

effect on the current density 

through the resistivity: a skin 

current appea r s which causes an 

~nm-unstable -p r ofi le (Fig . 3b). 

Fig. 3 presents a comparison 

5 t=58 msec 

Cl.. ~ ~-. 2._';:":.-__ ~ 
4,--_ 

3 

5 10 a 
r-

326 



between a computation with (b) and 

without diffusing impurities~athe 

decrease in Te is mainly due to lack 

of heati~8' a Teskin is prevented by 

the losses. 

It might be concluded that the 

previously used "Zeff" cannot be 

interp r eted as average ion cha r ge; it 

only exp r essed some kind of anomaly 

because t he prof i les of Fig. l seem 

like l y to occurJRnd Fig.3a, not 3b. 

agrees with the meas urements. 

O~ V.A. Vershkov, s.v. Mirnov,P roc . 

! .Europ.Conf. on CTR and Plasma Phys .) 

Cr enoble , Vol I, ( 1972),p. I 
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6th European Conference on controlled Fusion and Plasma Physics 

Supplement to, Neutral Injection on the Cleo Tokamak 

J. Sheffield, D. Aldcroft, J. Burcham, H.C. Cole, J.G. Cordey, 

M. cowlin, E. Speth, and P.E. Stott. Culham Laboratory, England, 

A neutral beam, 1 amp each of HO at 22.5, 11 .25 and 7.5 keV,has 

been injected in the direction of the ohmic heating current, parallel 

(gap voltage ~ positive) mean angle to SrOR eo~ 35°, and anti­

paralle l , (~b negative), 80 ...... 15°. The high energy ions contained 

have been si.:udied with a high energy neutral particle detector , band 

width ± 3%, Figure 1. The energy spectra 

in Figure 2. The normalization factor o f 

at peak signal 
-~ 

E 2 allows for 

level are 

detector 

bandwidth , scintillator response and neutra l ization and stripping 

cross sections. The detector signals for selected energies are 

shown in Fi9ure 3 and 4. Following the peak at ...... 6 msecs , these 

signals decay, even though the beam is maintained for 25 msec. This 

phenomenon, possib l y caused by a charge imbalance generated by the 

beam, is under investigat ion. The theoretical spectra and signals, 

for the Eo =: 22.5 keV component were obtained from a linearized 

version of the Fokker Planck equation[l], averaged over angle (e). 

M 
at 

(EC)t 
Dp.Te.~ :a f +[( 1+\E; ) 

2E o ,.s ox e! Ts 

Ve l Diff . Friction. Elect.Accel Charge Exchange. Source 
v-Vo :2 

X = , Eo = ~ ffihvo 
Vo 

~ 
1.5 x l012[Te (kev) ]2sec . 101sec 

T~ ne(cm- 3 ) Tcx nn ( 0 Cos eo 

* 2 
Ec ~ 15 T., ~ = (1 - YZ.ff)~' T. = (Z.ff)~ Tcon 

The parameter (Dp ) is used to adjust t he ve l ocity diffusion above 

the Spitzer value. 

!" , Eo , CA::;.bt ± 3,; v, and Igas.- 60 kA .... Tcon ~ 80 eV. The 

difference between the two high ene rgy tails is due to the sign 

change in (CA::;)' For Zeff = 1 the e l ectric acceleration is balanced 

by a drag on the drifting electrons, the re lat ive extent of the 
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tails in our case is consistent with Zeff _ 6. This leads to 

Te~ 280 eV which is consistent with provisional results from 

Thomson scattering of 230 ± 35 ev[2]. To get the absolute extent 

of the parallel tail we need Dp- 4. We are investigating effects 

which may contribute to the apparent anomaly, these include 

collisions between the beam-ions, geometric effects and fluctuations. 

The compu.ted results are not sensitive to neutral density, but 

the .slight . initial increase towards lower- energies suggests t:lat 

nn < 1 .5 x 109 cm- 3 , the· subsequent decrease in level around 18 keV 

is probab l y due to the neglected a~gular scattering terms, J.G.Cordey 

was responsible for the theoretical analysis. 

We are grateful to Drs. R.J. Bickerton, J .W . Connor, A. Gibson, 

J. Hugill, J.W . M. Paul and other colleagues for stimu lat ing 

discussions. 

[1] Rosenblu.tl), M. N. , et al. 19~7 . Phys . Rev. 107, 1 

[2] Pau l, J.W.M., 1973 , supplement to this conference . 
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ORMAK AND NEtJrRAL H!JECl' I ON* 

C. }'. Bar nett, L. A. Berry, J. D. CaJ.len, ~T . F. Clad.e, O. B. Morgan, 
R. J . Colchin, A. C. 1'ngland, J , 'r. Hogan, G. G. Kel ley, L. D. Stewart, 
J . R. l.tc~e.lly, Jr., M .• Mur akami , R. V. Neidigh , M. Roberts , J . A. Rame, 

T. C. Jernigan, If. R. Wi ng , and H. L. Stirling 

oak Ridge National Laborator,y 
Ollk Ridge , Terules:oee 37830 U. S. A. 

Abstract. One of the fou r ORMAK neut r al inje?tion modules(l) has been installed 

and operatE:d succ:cssf'ully at a. power level of 70 kW. An ion tempera t.ure increase 

of about 25~ has been observed, which is in agreement Hith predict ions of theon". 

ORMAK Pl&r-m!:l. Conditions . 'l'he ORMAK plasma concitions during t hese injection 

exper:i .. lnellts ~lere characteristic of those usuall~'~ encountered during initial 

operation of the device, nmnely, relatiYely high C and 0 impurity content and 

MJID activity. Typical parameters are given in Table I. The observations of m 2 

and 3 MIID oDc:illatiom: at a limiter q = 6 is indicative of the shrunken current 

channel expect ed at higb impurity levels . This impurity level is also reflected 

in the large ratio of electron teD'.peratul'C obtained from the plasma resistivity 

to t hat determined frem the plasma bremsstrahlung radiation. 

The level of neutr al denSity iudieated in Table I is about a factor of 2 

Im.·er the.!l tho~~ p~.-eviously quoted from 0R.'o1.tU( under similar COnditions!2,3} . 

This results f r om a more realist ic interpretation of t he neutral spectr ometer 

data using the OR.:-lAY. nEutral t ransport code (4) . At the neutral density 

indicated t he three ion energy l oss mechanisms of conduction, convection and 

charge exchange arE: <.:anpo.rable in ma@litude at the center of the plasmn. 

Inj ect i on I;x?erilllent . A 60 msec pulse of energetic neutl'aJ. Rtoms composed of 

about 1.1 A @ 25 keV , 2 . 6 A @ 12. 5 keV and 1.1 A @ 8.3 lteV ,·,.as injected into the 

plasma ill !.\ direction counter to the ohmic heating current. This 70 kW represents 

7o-'f., of tile injector c!l.pabHity. Because of t he 1al'se drift orbits in the 80 kJ. 

dischttrl1e : ,.,t: calf.!ul ate that 59, 7'3 , and 8% of the three energy species are 

rete1ncd in t he plasma. 'fhe fraction of the bewn pQ\oTcr g i ven to the plasma -clectrolls 

i~ :::0 small cor.tpared to the obr.ric heating that we elt.-pect and observe 110 change! in 

T . 
c 

~'akiog ('ilarge exchc.r.E::;e losses during the slowing down process into account , lo1e 

calculate thl.1.t about 10 kH are deposj ted in' the plasma. ions . 
{? t: \ 

This pO\'I€!J' is peai<ed' ' v. 
I!eC'l.r the plam::l3. a xi s and amounts to an energy input to the plasma ions of about 

.02) v/crl3 <: ..:m~'3.red to the usual 0 .1 loT/cm3 from elcctron ion collisioo.::: . Thh: 

incrC',Ilent iH 1' 'J.,.ter llroclc ces a central ion t(>~pe1'ature rise of nbout 2570 as indj.catl:d 

in Table I. 
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Table I 

Typical ORHAK Plasma Conditions Witb Injection 
Injection 

I 

(Volts) 

(k Amps) 

ne (mean electron densitY1 lol3cre-3) t 
t 

20- 30 m 
50-60 m 

(neutral density, 108cm- 3 ) 

(Bremsstrahlung, eV) 

(resistivity, eV) 

(neutral spectrooleter1 eV) t 
t 

20- 30 m sec 
50- 60 m sec 

sec 
sec 

Off 

13. 5 

3. 5 
80 

1.7 
1.5 
4 

700 
70 

243 ± 20 
198 ± 15 

On 

13. 5 

3. 5 
80 

1.7 
1.8 
4 

700 
70 

287 ± 20 
256 ± 15 

MHD azimut.hal mode nwnber 2 - 3 2 - 3 
q limiter 6 6 

This increase in Ti is also in agreement with that predicted by the ORMAK plasme 

simulation code using pseudo classical particle diffusion and neoclassical ion heat 

conduct i vi ty. 

Conclusion. Tht'! j njed.tnn p.xp~riments described abo .... e shc".~ EL"!. ion temper2.ture 

increase and no deleterious effects when neutral injection increases the energy 

input to the plasma by about 25i. This represents a promiSing beginning to the OFJIAK 

injection program. 

REFERENCES 

[1] L. D. Stewart , et al . , Third Int. SymP. on Toroidal Plasma Confinement , 

Garching1 Germany (1973) . 

[2] C. F . Barnett, et al" 6th European Conference on Controlled Fusion and 

Plasma Physics, Moscow, USSR (1973)~ 
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KINK INSTABILITIES IN ARBITRARY CROSS-SECTION PLASMAS 

J. P. Fre 1dberg. F. A. Haas~ B. M. Marder 
Los Al amos Scientific Laboratory 

University of Ca 1 Horn1 a 

Los AJamos. New Mexico 87544 

A numeri cal method has been developed and tested to study the magneto­

hydrodynami c stabil i ty to kink modes of plasmas with arbitrary cross section . 

By using a var ia t ion of Green's third formu la the necessity of ·solving 

l aplace's equat;~n in a region is eliminated. 

Consider an arbitrary cross section parameteri zed by 

r = all + n(s )] a = a(s) 

where 5 is arc- length along the curve. let ~ (s) be the curvature. The 

plasma displ acement ;s expressed as 

«s,,) = exp(ikz) L cm exp(2n ims/L) 

L 1s the length of the curve. 6W 1s a quadratic expression in ~ and is com-

prised of t hree parts, 6W = 6Ws + 6Wp + 6Wv where 

oWs = ::.l! 1.1 2 
K(S) ds 

6Wp = i;; f · ¥n ds 

with a similar expression for ~WV . 

On t he surface 

~ = B' •• -<n'(n·.B) and .2. = 0 in the plasma. an - - - -
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~ is also expressed as ,exp(ikz) L Ym exp(2nims/L). Since ~ is known on 

the surface in terms of ~ from the boundary condition we need only find a 

relation between IP and f;: on the surface . This "is obtained from a modified .. 

form of Green's third formula: 

~(s) = i f [~(t) ~nt log R(s,t) - log P.(s,t) ~w~t)}t 
where *--15 the normal derivative at arc-length t . R(slt) is ,.the distanc on t 
between points sand t. Using this expression to eliminate the Yn'S we 

obta i n 6W a$ a quadrati c expre.ssi on in the cn I 5 and the growth rates are 

obta i ned fro", the ei genva 1 ue.s of ,the resulti ng symmetric matri x. 

Var.1ous cross sections · were examined 'with the following results: 

1) No cross section was found" to be more stab l e than Ul'e circular 

one for stra ight systems. 

2) For toroidal systems a "racetrack" cross section seems more 

favorable than an ellipti cal one. 

3) The only -importance which can be attached to the criter ion q ?: 1 

for 'stabl1 fty i s that q = 1 marks the stabil Hy transition for a circular 

cross-section at B = O. Thus. in light of 1, no cross section achieves 

stability for q < 1. 
'. 

'.-
+Pennanent a~dress ,~ The eul ham Laboratory, AERE. , A~i ngdQ~ , Serks. ENGLAND. 
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ENERGY CONTAINMENT IN THE WENDElSTEIN 11 B ST ELLARATOR WITH OHMIC HEATING 

G .Grieger, H. Hacker, G. Pocher, Sf. Rehker, H. Renner, H. Ringler, E.Wuersching 

Max-Planck-Institvt fUr Plasmaphysik , Gorching bel Munchen, Federal Republic of Germany 
EURATOM Association 

Energy Confinement 

,Using on Zeff = 2 we plot on slide 5 the energy-content of the plasma against ohmic heating 

current. The external rotational transform is nearlY1:
o 

= 0.1 for the 3 different values-of 

magnetic field. Sfmilar results from URAGAN/6/ it would be possib le to m 0 straight line 

to the re lation between n T and heating current over our parameter range. But wi thin ex­

perimental scatter 011 the dolo points olso fit on the line Be = 0.65, where the poloidol 

field from the helical windings is added to that of the plasma current. The line on the right 

give n T versus J for constant r3
Q 

= 0.65 oJ 4.0 cm assuming 011 the poloidol field Be is 

produced by 0 ring current os in 0 Tokomok. In comparison it fo llows that less power input is 

necessary for 0 given energy content in the Wendelstein W 11 b slellarotor, os the heating 

current is reduced in re lation to ffie Bg supplied-by the helical windi ngs. The reduction is 

730 A at 4.5 kG and 2 kA at 11.9 kG. 

We thus obtar. Tokomak like behaviour in so for os a. constant (]g results. However, a sub­

stantial difference appears in_ that identical energy densities result at appreciably-lower 

heating currents. Unfortunately our OH current is limited ta « 0.5 caused by the befare­

mentioned l = 2 stellarator effects, so the transition to the Tokamak line, where -to«-t 

is not included. 

Far a given ratio of the total rotational transform to that of the helical winding the next 

slide / 6/ shows energy containment versus temperature. One should mention thot. far 'X. 
constant the plasma current is constant and that with increasing ~t:> the effect of external 

rotational transform is reduced. The laser dots ore calculated by averaging aver the 

temperature and density profiles. The other paints ore normalized on the basis of these loser 
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measurements. On this plat a family of parallel lines may be drown, whose position depends on 

the rotio of Vo\; .. total transform. At two such lines drawn rorY"r.~= 2 . 4 to 3 resp. con be 

seen that the energy confinement is decreased at higher Y-l.::o va lues. 

Conclusions 

1. In our parameter range, that is in the intermediate regime, the energy confinement does 

not scale like Bohm . 

2. The achieved energy density within the plasma atto = 0 .1 is al ways above those, which 

should be obta ined in a Tokamok dischorge ot the same heating current. 

Our future wark wi ll be on the particle confinement time. There are indications that -r 
p • I 

should be h tgher than "CE / 5/ . 

/6/ A.G . Diky et al., Nucl.Fusion Supp .1 972, p .295, Conf.Pl.phys.Madison 1971 
IAEA - -28/ 4 - 11 
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RECEN'f RESULTS FROM THE GARCHING HIGH-BETA 

STELLARATOR TORUS ISAR T 1 (Part 11). 

E.Filnfer, H.Kaufmann, W.Lotz, J.Neuhauser, G.Schramm 

Max-Planck-Institut fUr Plasmaphysik, Euratom Association, 

Garching bei Milnchen, F.R.G. 

A description of the ISAR T 1 experiment and a survey of the 

main results were given in Part I of our contribution. Some 

additional results are given in the following: 

1) Equi l ibrium: The theoretical equilibr ium condition is 

2 :-T.: • a 
h R 

a) e=1/o=2 - s ystem: For ~ ~ 0.7 we 
- + . about rp " 1 "'" 2.0 _ 0.2 cm, °2 "" 

experimental Q12,exp .... 1.5 ± 0.4. 

where Qtheory ;:: 1. 

needed 

0.28 ± 
for equilibrium 

0.07, yielding an 

b) P.=1 /P=2/P=O - system: In this case we found for ~ ~ 0.7: 

rp b l .... 1.8 ± 0.2 cm, °2 "'" 0.25 ± 0.07, bo I'tj" 0.07 ± 0.02 

and consequent ly a120 ,exp "'" 1.6 ± 0.5. As an illustration 

the motion of the centre of gravity of the plasma helix in 

the direction of toroidal drift x is shown in Fig.3 for 

different a-values. The inward or outward drift of the 

p l asma for a > 1.6 and Q < 1.6 respectively is readily 

seen. At early times (t < 2.5 ~s) during the formation 

of the helical deformations the plasma is driven outward 

even with the right equilibrium fields. 

In both cases a) and b) the experimental plasma distortion must 

be s light ly higher for equilibrium than theoretically predicted, 

thus indicating a nonlinear effect. 

2) Transverse drift: As stated in Part I (Section 111,2) a drift 

paral lel to the main torus axis was observed. This was eli­

minated by a ISO-rotation of the £=1 helix. The corresponding 

motion of the centre of gravity of the plasma helix paral lel 

to the main axis is shown in Fig.4. 

A similar drift also occured for the pure t=1/£=2-system , 

where no z-modulation of the p.=l mirror currents is present 

(main coil not corrugated). Thus, bending of the e~l and 

336 



P,=2-windings also yields a transverse force , which again 

can be compensated by readjusting the phase between them. 

3) Stability: 

a) Short wavelength m=O . m=l. and m=2 modes are triggered 

in the dynamic phase and are proved to be stab l e in agree­

ment with theory. 

b) No fast growing l ong wavelength instabi l ities with m ~ 2 

are found. in contrast to ideal MHO theory assuming a 

sharp boundary. 

c ) The plasma seems to be l ost owing to a l ong wavelength 

m=l instability (wavelength at l east 4 m) in qual itative 

agreement with theory. This instability is to be sup­

pressed in future by wall stabi l ization working with a 

l ow compression ratio. 

x[cml 
4 e -pinch, 0.=0 

3 

2 a. = 1.S 
\ 

2 4 

/ a. = 1.9 

Fig. 3 

y[cml 
standard helical fields 

\ 

2 4 /' • 
(I = ll-windings rotated by 1S 

tl~sl 

Fig. 4 
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FLUCTUATIONS AND CONTAINMENT OF PLASMA IN J IPP 1=3 STELLARATOR 

T. Dodo, M. Fujiwara, K. Miyamoto and A. Dgata 

Institute of Pl asma Physics , Nagoya University, Nagoya, JAPAN 

In the main paper, the characteristic features of the experimen-

tal results and the outline of the interpretation are presented. In 

the fo llowing, a theoretical study is presented based on the f l uid 

dynamical description and the slab model of the plasma cylinder. 

Zero order quantit i es are the density gradient ~nO = dnO/dx 

-KnO' the static electric field EO directed to the densi ty gradient, 

the e lectron dr i ft velocity v!O) = (0, EO/BO + Kre/eB O' 0), and the 

ion drift velocity with the finite Larrnor radius effect v~O) = (0 , , 
(1 - 6)EO/8 0 - Kr i /e80 , 0). The equation of motion of 

the ions inc ludes the ion perpendicular viscosity, and that of e le-

ctrons includes the electron-ion collision in the paral lel motion. 

The dispersion relation thus obtained is 

. -1) -1. -1 
{wOi (1 + b) + ~t l- (t n - ~w*) / (t w o . 

-1 2 . t = b""\) ii/4, v ii ,15 the ion-ion collis i on frequency, 

2 knTe/meVei' ). = Te/Ti' k..1. and k" are the perpendic-

ular and paralle l wave number, r e spectively . 

When t" « tJ. and (growth rate) « (bt,,) - 1, the r ea l part of the 

frequency wr and the growth rate y are obtained from the above dis­

persion r e lation as: 
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bw. 
( (1 + ),) (1 + b) ("" 

k. (EO/BD) 
y • w. t" 

+ ),»2 bll + Xl + + 1) 6 ) 
(l + b(l 1 + b w. 

(1 + ),) t-1 
1 + b(l + Xl 

In the present experiment, b ~ 0.1, A = 10, 0 = 1/2, kL = 2/3 

cm-I, the rotation veracity EO/B·O' ~he electron drift velocity !<'re/eBO' 

the paral lel transit time of the electron t", and the damping time by 

the i on viscosity t~ are about 6 x 104 cm/sec, 6 x 104 cm/sec, 3 x 

10-5 sec, and 10-2 sec respectively. The growth rate y obtained from 

the above parameters has the same order of magnitude as the frequency 

Wr(Y = (wr/4». This r esult is consistent with the large growth rate 

observed in the experiment (cf. Fig. 3 of the main paper) . The fre-

quency calculated from the above parameters is about 6 kHz and agrees 

well with the observed frequency. 

In the present analysis , the relation between the fluctuation of 

the density ~ and the fluctuation of the e lectric potential ~ is 

'" n 

nO 

-1 In the experiment, t" =' w* and w - kJ..EO/BO = 0, therefore, the phase 

difference between ~ and ~ is near t o n/4. This large phase differ-

ence explains the observed rapid loss of the plasma during this ins ta-

bility. 
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PLASMA CONFINEMENT BY HYBRID STELLARATOR FIELD OF £:2 AND £=3 

M. Fujiwara, K. Kawahata , A. Mohri and K. Miyamoto 

Institute of Plasma Physics , Nagoya University . Nagoya, JAPAN 

§l. Effect of Shear on The Resonant Losses. 

When the plasma confined in the £=2 stellarator field the confine-

ment time during afterglow becomes small near the rational transform 

angle. The upper -left curve of Fig . S shows the dependence of , on the 

ratio o f 1=2 helical coi l current Ih2 to the current It of toroidal 

coil whil e the toroidal field is 1.4 kG{3 . B GH ). When the £=3 stella-, z 

rator field is supperposed , the shear is introduced. Increasing the 

shear , the structur e of resonant losses of T - I h2/I
t 

curves becomes 

gradually weak. The other curves of Fig.5 show the dependence of T on 

I h2/I t , while the ratio of the 1= 3 helical coil current Ih3 to Ih2 is 

kept to be 0.5, 1.0 and 1.5. The rotat i ona l transform ang l e l divided 

by 2~ is approximately expressed by t = 0.27(I
h2

/I
t

)2 + 6 x 10 - 3 r2 

2 (I h2 /I t ) wi t h accuracy of about 4 % in this device (r being the inner 

radius in cm). From these results, the resonant losses are reduced 

when the shear parameter s = a (dt/dr) (a/R) ~ ~t{a/R) becomes larger 

than 0 . 06 (a/R) . 

§2 . Density distribut ions in The Rational and Non Rational Cases. 

The density d i stributions of afterglow p la sma are measured by a 

movable probe in a rational case near t ~ 1/2 and a non-rational case 

just above t ~ 1/2. As i s expected , i ndication of convecti ve motion 

is observed in the density distribution of the rational case and the 

convective cells pers i st t o exist for long period. 
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Fig . S The dependence of confinement time t on the ratio of "h2 to "t' 

while the ratio of "h3 to "h2 is kept to be 0 , 0.5, 1.0 and 1. 5. 
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Fig . 6 The dens ity distributions of plasma at time t a fter switching 

off the ECRH power in the rational case (left-hand side Ih2/It = 1.37, 

t ~ 1/ 2) and non-rational case (right-hand s ide, I h2/I t = , 1.43). 
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Heating Mechanism and Thermal Conductivity 
Coefficient in High Electron Temperature 
Plasma Produced by High Power Microwave 
Heating in the FM-l Spherator 

K. Chen , D. Meade, M. Okabayashi , M. Porkolab, and J . Schmidt 

Plasma Physics Laboratory, Princeton University 

Princeton , New Jersey 08540 , U.S.A. 

Abstract: In the previous paper; it was reported confinement properties 

of plasma produces high power microwave heating. Here we discuss the 

heating mechanism and the thermal transport from the localized 

heating region. 

In order to investigate the heating mechanism, we measured ion 

temperature by Doppler broadening, etc. At the localize"d heating 

region (close to ECR surface), we observed a typical frequency decay 

spectrum~ Figure 1 shows the ion heating rate measured by the 

Doppler broadening technique. The heating rate (6Ti/6t ) shows a 

threshold power level of 0.7 _ IKW. The increase of ion temperature 

during the heating pulse is compared with numerica l calculations 

(solid line). The classical electron-ion coupling 

is not sufficient to explain the observed ion 

temperature increase. An additional power input 

to ions of 25 _ 30W is required. The most likely 

heating mechanism is the one through the parametric 

decay process, presumably the electrons are heated 

by upper hybrid waves and ions by lower hybrid 

waves. 

I'K. Chen et a l in this conference 

2 'M, Okabayashi et al MATT-992 Princeton University 
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Since the heating takes place close to the resonance region, 

the high electron temperatures are localized on the magnetic 

surface, which coinsides with the resonance surface . Figure 2 

shows the behavior of initial l y localized electron heat source. 

By applying a IOO~sec heating pulse, at the resonance region 

(X-Ocm )' the ion saturation current (Is) increased immediately . 

. However, outside the resonance zone, X=O.5cm , X=l.Ocm, the raise 

time of ion saturation current is gradually delayed. This indicates 

that heat localized initially at X=Ocm i s diffusing out. 

In Fig. 3 the propagation of the front edge of electron 

temperature profile at different time points is plotted. The 

thermal conductivity is K _ 2XI0 3cm2/sec. This value is slightly 

higher than the particle diffus i~n coefficient D. 

,., 

This work was supported by U. S. Atomic Energy Commission Contract 

AT(1l-1) -3 073. 
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Turbulent Diffusion Coefficients of Toroidal Plasmas 

• 

S. Yoshikawa 

Department of Physics, University of Tokyo 

Bunkyo-ku, Tokyo 113, Japan 

In spite of progress in understanding the classi~al 

diffusion processes of toroidal ; lasmas,l,2 there exist 

yet definite discrepancies between the observed plasma 

confinement times and theoretical values calculated from 
3.Q 

classical pr~cesses. The phenomenological scaling 

laws for plasma confinement using both the Bohm law5 

6 7 
and the pseudoclassical diffusion coefficients' appear 

to describe reasonably well the observed confinement 

times in the wide range of parameters (100 ~sec to 3 

seconds) in a variety of toroidal confinement devices 
8 

such as stellarators, tokamaks, and multipoles. Yet as 

the parameter y ; nB- l T -3/2 decreases, there appears 
e 



,. 

to be some discrepancy from the pseudoscaling law in 

Princeton spherator experiments.
9 

Similar discrepancies 
10 

were noted in octupoles (although, in this case, the 

classical theory appears to apply in some range) and 
4 

tok~aks as the density, n, hence y, decreases, 

vie shall try to present another version of the 

derivation of the pseudoclassical diffusion coefficients 

which makes the relation with the Bohm diffusion coeffi-, 
cient transparent and, because of the nature of the 

derivation, the range of the validity of the pseudo­

classical diffusion becomes clear. We then try to 

compare these predictions with the experiments. 

As is well known, the diffusion coefficient due to 

fluctuations can be expressed as 

Ll ) 

5 

where the tilda indicates the fluctuating quantity 

either in time or in space, or both. Assuming that the 

potential fluctuation and the density fluctuation have 

the phase difference a and assuming that the magnitude 

of density fluctuation and potential fluctuation have 

the drift-wave-like relation 

Im I-I~ I . 71, - ~Te. 
\ ' ) 

we get 

l ) ) 



Alternatively we can note that the diffusion coefficient 

should be a function of the dissipation due to current 
11 

in the plasma. The electric current due to the 

fluctuations can be expressed as 

l If. ) 

if the fluctuation level is small compared with 101, 
where Vc is the collision frequency. 

Then the diffusion coefficient may be estimated as 

(We is the electron cyclotron frequency) 

)1' • 

Equating Eqs . (3) and (S) , we arrive at 

:: 

For 0 small, 

This is identical to the expression for 

classical diffusion coefficient if ~ (1 

replaced by unity. 
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the pseudo­

+ Ti)2 is 
T. 

l6 J 

1 



If n tlecomes too small so that a Is less than 

Inlnot, the above de rivation Is no longer valid. Thus, 

under that circumstance. we ~ay expec t that the diffusion 

coefficient exceeds the pseudo-classical diffusion • 

• 
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THE FIRSTEXPERII4ENTAL RESULTS IN FINGER RING TOKAMAK 

(Supplement to paper 1.?.4 J 

A.V.Bortnikov, Yu.T.Baiborodov, N.N.Brevnov, 
V.G.Zhukovekii, L.E.Zakharov t D.V.Orlinekii. 
V.I.Pergament, M.K~Romanovekiit N.I.Sokolov, 
A.M.Us. 

I.V.Kurchatov Institute of Atomic Energy, Moscow,USSR 

The experimental results presented below have been obtained af­

ter vacuum training of the machine. The initial pressure po.10-7torn 

Aa judged from the discharge current oBcl11ograms there are two 

modes of operation: a) small current regime J <12 kat and b) large 

current regime J > 12 ka. 

The former regime oBcl11ograms do not show any osoillations, 

the disoharge ourrent time le determined by the skin time of the cop­

per shell (Fig.2 /1/). The current channel centre is located near 

the geometrical centre. The temperat~ TA calculated from the con-

ductivity is 20 - 40 ovI'''.4~ I,~ l;~~ 
The latter re- 'lL,'SO IJrI 'II,:~ 

gime is characterized I''21t;: I.~A I'~e"7 Q. 

by spikes. The current UJ~ 
11. I!r~ (0 

spikes are accompanied 'P I.K~I!Tr.IOKIk 
'by bursts of emission I.K~ ~, 

I 2 J t'~rH '(0 
H and impurity lines, u 

dr ~.5Kfk I,~ ( 2 J 5 ·t,_ 
broadenillg of light re- df~'20KA I..A B,'(OKfk 

gion in the vertical ~ BrB JO 

derection (F1g.1 J. Ma- .w""i ~ I,'~A /.1 

gnetic probe osc111a- ,Y ill fL---"~I-~--P.· 'P'/O' /Qn: 
tiona ( tar) in the !J.t;, iBrftde I 2 J H,,,,,. 1---""-"''''---

symmetry plane are in Fig. 1. 
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counterphsee to the current fluctuations, while the probes in the 

upper and lower regions are in phase with current variations. Dis­

placement of the current channel centre over R was monitored by an 

integral probe "Y" embracing the current . The displacement is pro-

portional '" /2/ . From inspection of the oscillograms it 

is seen that before a spike the current channel centre is displa-

ced towards H (to the outside from t he geometrical centre of the 

device by the value 1:.1 cm. If one compares the character of the dis­

placement of the current channel centre and Variation of B at the 

magnetic probes 1 tt is possible to conolude that before a spike 

the plasma oolumn displaces to the outside, increases lr and dec­

reases lz' i .e. the column shape beoomes more circular. At spike 

the plasma column enongates. Thus, at large currents the shape of 

the plasma cross section is observed to vary. 

The averaged distribution B is in satisfactory agreement with 

theoretical calculations. (Fig.2) /2/. 

The longitudinal fi-

eld slightly influences the 

discharge at J :> 12 ka. Ho-

wever, at J~ 12 ka as B.,. 

increases the s pikes are 

suppressed. (Fig.,). If 

the expression for q is 

taken from Hef. /)/ for 
tl 7. -2, Br .10kOe 

and J.14 ka oondition 

q C !l~5 is satisfied 

for the first regime, 

while q )3,5for the se­

cond regime. 

Fig.2. 
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EQUILIBRIUM ROTATI ON OF A TOKAMA K OURING NEUT RAL INJECTION 

E. Canobbio and O. De Barbi er i 

Association EURA~-CEA 
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ERRATA 

1) Section I, line 6 : neglect "the sl owi ng-down and", 

2) The R . ~t.S. of Eq . (1 ) should read 

Bo8<jr> / c (1+0(r/l) ) 
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Add end urn to: 

The Simulation of Classical Toroidal Plasmas in the plane. 

D. E. Potter & G. H. Tuttle. 

Preliminary Solutions in the Tokamak Regime 

Solutions illustrating qualitative ly the formation and 

structure of the pinch in the Tokamak configuration are 

included in Figures 1-5. The main feature briefly shown is the 
2 . 

effect of varying Spal )Wp/Wb where Wp is the total energy 
of the plasma and Wb is the total poloidal magnetic energy. The 

field structure for the three cases apo l . 02 , 2.1, 15 are 

shown in Figures 1, 2 , and 3 ,respectively, for an aspect ratio 

of the torus of 3. It is clear that in the limit of BpOl~ 0, 

the assumption of shifted near-circular field surfaces is an 

accurate and appropriate approximation and suggests that one­

dimensional models in this limit are applicable . 

On the other hand, when Bpol is finite, the structure 
is essentially two-dimensional and expansions based on the 

aspect ratio would not appear to be appropriate . 
The sequence illustrated in Figure 3 shows that the time 

evolution of the field s~rfaces for SpOl 15 . The fields are 

driven by the "E/B" flow structure illustrated in Figure 4 and 

the effect of image currents in the wall are reflected in the 

toroidal current distribution shown in Figure 5. Cutting of the 

lines (through the existence of ,only a small resistivity) on the 

central fie ld surfaces changes the topology and produces a 

iig.l. Equilibrium ma"gnetia 
eld surfaces for t'l pol=O.02. 

Fig .2. Equilibrhun magnet~ 
field surfaces for 
intermediate 6pOl=2.1 
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double magnetic axis. Subsequent to Figure 3d, a neuLral point 

is produced and a separatrix created within which there are two 

magnetic axes and outside of which the field surfaces have one 

imaginary axis . Our time-dependent solutions suggest that this 

phenomena will occur on ignition or if sufficient neu~rals are 

used to heat the plasma. The mechanism ill ustrated in Figures 

4,5,6 also sugges~the manner by which the pinch is initially 

created. The flow occurs on a timescale ~a/vs where a is the 

minor radius, ~ is the aspect ratio of the torus .. a~~ v is the 
nIl nn !=Il"""'-------::=-~o:::----

fiELD LI NE 
fiELD LI NE 

, . 

®) ~ a 

......... , .. , ..... 

FIELO LINE 
fiELD LINE 

1·16('00 

~ 
1.19E · DO 

~: epenaant solution for a 01= 15. Kidney-shaped 
surfaces are produced (d). Resistive cB~~ing of the inner lin~s 

/ 
[[]r\~~,: UI< 
' ............. " ....... --- /" 

/ 

~. Contouu -of the stream 
Function showing the dipole 
flow structure creating the 
fields of Fig.3d. 

--_./ 
~~. Contours of this 
torOIdal current density 
borrespondlng to Fig.Jd. 
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Frhitrarily Shaped "Resistive TokDmak E:::I,uilibria 

B. J . Grae!l, K. U. v . Hagenow, H.P. Zehrfeld 

Max-Planck-Institut fUr Plasmaphysik , 8046 GarchinB, FRG 

Supplement 

We present here more r esults for the case of a torus with square 

cross- section and "C + q = O. Fig .4 shows the functiona l depen­p 
dence of Bp 
in the case 

on inverse aspect-ratio. The large variation of Bp 

where p is assumed a linear function of poloidal 

• 1 I 
2~P"W • s:> rh' 

I , ____ v,· ... · 
, 

0 ". 
Fig. I. 

rent. Here one can clearly 

magnetic flux , is to be cOhtrasted 

with the small va.ri a'cion in the case 

where p is determined by ring voltage, 

mass sources and toroldicity. 

The r ~dial profiles, in the equator ial 
plane, oJ: C'"·urrent dens ity aDd rotati o­

nal transform are shown in figs . 5 and 

6. In the case of current density (1'ig. 

5) the curves have been normali sed to 

their ~aximum values. In f ac t, the com­

parison is made for constant total c ur­

see the effect of toroidal c urvature on 
the current distribution. Indeed, for smaller aspect ratios a skin 
effect is evident . 

The curves of rotationa l transfor~ (normali sed to their maximum va­

lues) further illustrate the significant influence of toroidicity , 

i n t hat the regions of shear and the value of the shear i tself vary 
appreciably with aspect ratio. At pre s ent we are obt a ini ng results 

for other plasma cross-sect i ons and will proceed to treat other 
situ~tioDS (dia or paramagnetic). 

IIA· O 

L l1A.0.1 

., 

, 

Flg.S 

.• ,------------*-------------, 
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MHD TOKAMAK EQUILIBRIA IN PRESENCE 
OF HEAK DEVIATIONS FROH 

AXISY1"1METRY 

C. Lo SU4do and A. Sehte~o 

Laboratori Gas Ion-izzati (Associazione EURATOr1-CNEN) ,e. P. 65 
00044 Frascati, none, ,Italy. 

\'lith reference to the HHD equations of static equili-
brium, 

\71'=.J·lL \7xgl=l, \7.6= 0, (1 ) 

it is knO\~'n that the only exact solutions \.,.hich represent c;onfined 
toroidal plasmas are eithel' (a) Symmetric with respect to an axis 
or (b) symmetric with respect to a plane (see, e.g., / 1 /). In p,rac 
tice, however, a high degree of symmetry is difficult to achieve in­
real coqtai~;cnt devices; one is thus led to investigate possible 
approximate solutions of Eqs. (1). To this end, o.n asymptotic expa.!! 
sion scher.te has been- set up in / 2 /, lIJhich is appropriate to deal 
wit.h weak deviations from axisymrnetry in the Tokamak configuration, 
and solutions have been worked out to the lowest significant order 
in the expansion parameter. 

Inasmuch the confir.e.."J.ent times experimentally observed 
are much longer th a n typical MED times , hO',vcver, the existencE; of a 
solution to tne 10'_"lest significant orde r i~ not enough. One ought 
to be able t.o Sho''</ that the equilibrium equations can be satisfied 
to at least a fe\</ more orders, or ponsib ly to all orders. Indeed, 
any "imbalance" in tie B.:iuilibriun. equationa is pre sumably to be cou.!! 
terbalanced by non-equilibrium terms, containing tiwe derivatives : 
hence the larSer is the imbalance, the~aster would be the decay of 
the configuration. 

In this paper we therefore consider the problem of the 
existencl2 of the solution in the higher orders, wtth reference to 
the expansion introduced in / 2 /. The latter i~ ccfined essentially 
by the £0110'\vin9 ordering assumptions in the snall dir.lensionless PE: 
rameter €. : 

Br : Bp : B 
£'-1: 1 : 1 

- ~ 

J r : Jp : J 
1 : € : £ 

~ 

f' : f' (2) 
: ~ . 

Here the bar denotes the axisymr.tetric part, and the tilda the remai,!! 
ing part , of a given quantity, and the subscripts T and P de:1ote the 
toroidal and poloieal components, respectively , of a given vector. 
The assumptions (2) are not a ll in~epenc.ent , because of Eqs. (1), but 
it can be easily seen that they are all consiftcnt with each other, 
if one assumes , as we do , that the a!:pect ratio is finite. In this 
scheme the "j~" of the plasr.\a is of the or.::.~cr of E. ~ , and the:: fami­
liar quantity "q" is f~rnally large. ot the order of f-l, both this 
quantities being de':ined in terns of the axisymrnet.ric part of the 
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equilibrium. 
By taking into account the assUT.1ptions ( 2), from Eqs. (1) one 

obtains the equations to the various orders in €. • To t he l o;.lest 51: 
gnificant or de r the equations have been solved 1n / 2 / . In the next 
order, for the existence of the sol ution we derive two compatibility 
conditions: 

. --------~----- (0) 

"'d ~ (t cl;f°) (Ol /d. 'S(OI).B10I+r- dp IlW(O).BlO) ..... (O)]~O (3) 
'f l' \l Y d",V'I" 'f -f -P dr(O) I _I' B f ' 

~ • 0 

~
c" _(e.) ,. "") -(0) cl pCO) Col-v 

..Lcl 'n(y·~n ,0>.) cl,!,' 13(o),.[\oTr ,¥w. BO
. 13'0' 'f ~ Y v d '0' v'l' - P , d ",cO) r -p f 

'1'. r 
( 4 ) 

IO} ...... Col I'd 'B..J (0) • r7 r 11)«(» 1 _ 0 
+\7'1' . Br 'f _p vd. T J - . 

• 
He..:-,:: ano 1.n the foll o'H'lng , r is the distance from the axis o f sr~ 
try ; Y is the angle coordinate in the toroida l direction; ~(o 

- (0) 
1s the poloida l flux func tion associated with ~ p {the true flux 
being 2 -;: If (0» ); the superscripts (n) mean that the corresponding 
quantitt~ s a .&.'e of the o!:der o f E.11. (n == - 1,0 , 1,2 , .. . • ); the sy;:;bol 
cl denotes the operator dt./d~1, +C>YCJrt._ Y- ~.)/JY , where z is the height 

above the equatorial plane; finally,? is a cycl.i c coordinate , o r­
thogonal to the coordi nates If and y'O), and defined essentially by 
the relation 

d . 
(,-) "0' t 

01 ~ Y =- co~1.; If .. c.o~ 
..., (Ill r7 =- ~'1' x v If . V 1 . -, 

where e 'f is the unit vector in the if direction. 
\'le r ecall that the ax isynunetric theory of Eqs. (1) l eaves 

room fo r two arbi trary f unctions , p (!f ) ~nc ICy), where I .="-S'f • Si­
milarly in our case plO) (If'{o)) and:c. (j)('f'(O) ) are left arbitrary 
in th e lowest order theory . One migh t ask whether Eqs. (3) and (4) , 

p Ius the l owest-order equilibrium condition. 
. d _(01 -1. d z£iJ 

cl (0) r.l. -=::.L-+.1. -- =-0J ( 6) 'f' t . d 'f' (0' cl '1'(" 
interpreted as equations for 1f'(O) p (o) and r('O , could eventually 
l ead to their de teIT.linat i on . This poses an inte rest ing but very di! 
ficult mathematica l problem , beset by compli cated · nonlinearlti es . 
From the physical po int of view, on the other h and , we cannot igno­
re that other independe nt equations for P(y) and I(~)can be obtained 
by suitably enlarging the set of I:qs. (1) (to inc l ude , for i nstance , 
a conductivity law, as \'le11 as other transport featureE). As a ",!a!: 
ter of f act , the experimental evic.ence i s all in favo r of pM( 1; (": J) 

and I (f) ( lflQ )) be ing determined by th e transport equations, anc. r:qs . 
(3), (4) do not seem "in genera l to be satisfied. f'ro;J. ... !hat r.as bee n 
previous ly said , therefore, one is lecl to t he conclusicn that. t.~1e 

Eqs . (1 ) of s~at ic, sca l ar- prezaure f.iHO equilibrllL'.1 Z!re inadegu.:;. te 
to account ':for long confine:nent t i nles , if the deviat i ons fron ax is~ 
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/ 

r,letry are as large as prescribed by re l at ion~ (2 ) . A more f lexible 
set of equations is presumably needed . 

By c ontrast, if the deviations fron a x isyr$letry are vleake­
ned by o ne order in E (namely , i f one takes B of the order of 
€ , whence i t f01 10\ .... 5 that :r and p are of the order of E Z ) ; 

pre liminary results seem to ind i cate t hat a zolution of Egs . (1) 
can exi st t o all or der s in the expansion scheme, essentially beca~ 
se in the h ighe r or~ers there seems to be nare freedo~ to satisfy 
the various cor.tpatihility conditions that are derived. I n this 
case I 1 t ls probabl y fair to accept Eqs . (1) as an adequate model 
for the description of the equil ibrium. 
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HOT ELECTRON PLASMA ACCUMULATION IN AN OPEN ENDED MINIMUM B SYSTEM 

BY 

R. Bardet, P. Briand , L. Dupas, C. Gormezano, G. Melin . 

ASSOC IATI ON EURATOM-CEA 
VepalLtemen.t de PhY.!I,(que c:lu Pl a.6m4 et de la. FM.wn ContJtoU.e 

Se/l.v,(ce IGn - Cenbte d ' Etudu Nucl{a..iJr..e6 
S.P . 8S - C._. d. TlLi. - 38041 

GRENOSlE CEVEX (f4a"c,) 
In order to check the results of ion temperature measurements obtained by 

neutral analysis, an optical method has been used: ion 'temperature i s evaluated 

by the Doppler broadening of the 4686 A line of He+ which is introduced i n to the 

plasma source . The light is analysed by means of a Fabry- Perot interf erential 

disperser and a multichannel digital spec trometer . 

Unfortunately, cold plasma creation and injection with a helium-hydrogen ­

mixture are less efficient and less reproduc tible than with pure hydrogen. 

Consequently the accumulated densities are lower by a f actor 2 to 4 and mo r eover 

the errors due to bad reproduc tibility are t o be added t o the intrinsic errors of 

the diagnostics. 

The experimental parameters are the following : repetition 

Injection· time: 10 illS - Heating time: 10 ms -Basic pressure 

rate - 2Ib: -
-8 : 4.10 t orr-

Operating preasure ';;:!10-7 torr - B - 2600 Gauss-(B~B ) 11 - 2.6 - Gaz mixture -
'I/ .... a 11 3 

50% H2-50%He - The injected densities ranges between 4.10 and 10 e/cm . 

We have tried to measure the diameter of the plasma by the angular ana lysis of 

the perpendicular emission of neutral by the plasma. We used a Faraday cage with a 

secondsry emission target both of which are orientable with an angular displacement 

of 15 degrees. Although this measurement is limited by the parasites and by the 

geometry of the system, we could estimate the plasma diameter between 4 and 6 cm 

for the injected plasma, between 7 and 12 . cm during the heating time and after this 

time, it increases rapidly but the precision is then insufficient for a 

quantitative evaluation. 

The product nd of the electron density by the diameter of the plasma measured 

by Zebra-stripe interferometry is of the order of 2.10 12 e/cm2• After the R.F. 

switch off, the first characteristic decay time of nd varies between 3 and 4 ms 

and the second one bet .... een 20 and 60 ms. Due to the bad reproductibility of 

injection, it is not possible to study the e f fect of t he RP power on nd. 

The variation of the diamagnetism 8 with the RP power is indicated on fig I. 

The corresponding ~ factor ranges between 4 . 10-2 and 1.02 10- 1• The first decay 

time of diamagnetism is 5.5 illS and the second one varies between 35 and 50 ms . 

The elec tron temperature evaluated by X r~ys analys i s is plotted on fig J. 

ss. 



The measur e i s done after the end of the heating pulse to avoid r adiation from the 

walls. For t he same reason, we measured only the second charac t eris tic time of the 

X radiation which is 24 ms. 

The potential we l l depth cannot be measured during the heating time because the 

important signal probably due t o t he axial hot electr ons coming from source . Afte r 

the RF switch off, the va lue of the wel l depth is deduced from the half amplitude 

of the cold electron current collected by t he ana l yse r. This value i s slowly 

decreasing and varies from-35V to-IDV in 40 ms. Ignoring the exac t place where 

these electrons are created, it is quite difficult to deduce the absolute value of 

the wel l depth from this measurement. 

We reported on fig 1 the var i ation of the , H+ ion temperature evaluated from neutral 

energy analysis . Th i s temperature does not seem to vary during the plasma decay. 

The first characteristic t i me ranges between 3 and 3.5 ms and the second one 

between 12 and 20 ms . The optical measurement of He+ ion temperature has shown the 

presence of parasite lines, which are not yet identified, on each side of t he 

broadened He+ line. I n spite of that. we can conclude that the He+ ion temperature 

is at least 40 eV and probably in the range of 100 eV. 

In conclusion, electron and ion temperature increase with the R.F. power but the 

precision of the diagnostic system will be improved in order to find scaling laws . 
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FURTHER STUDIES OF A HIGH-BETA REVERSED FIELD PINCH 

(Supplementary Paper) 

C.W. Gowers·, J.W. Longt. A,A. Newton, B;A. Norton+ 
D.e, Robinson, A.J.L. Verhage, M.A.B. Radin 

"" AWRE. Aldermaston , Berkshire, t Oxford Polytechnic 

+ Royal Ho1 10way College. 

In this supplementary paper the observations on the emission of hard x-rays (1) 

from stable pincb discharges. 'Which will be presented in the talk. are sW!IIIarised. 

X-rays wilh energies up to 1-2 HeV are observed to be emitted from stable 

reversed field <lischuges and from "f!tabilised" pinches provided stability is 

maintained. The energy was estimated from an absorption method and extended 

down to the limit of detection with the present a~rangement of some tens of keY. 

This phenomenon differs from the more usual x-ray emission from runaway electrons 

in that the angular distribution of the x-rays indicates that the motion of the 

fss t electrons as they escape from the plasma and hit the walls is primarily in 

the azimuthal (a) plane. This is shown in Fig. l. 

Fig . 2 sho .... s al1 oscillogram of the gas current and hard x-ray emission. 

In al most all conditions the emiss i on begins at about 4. 0-4.4 ~sec from the 

start of the cur rent pulse with half width typically 2 vsec. The onset tiue and 

pulse length are independent of the shape or amplitude of the current pulse, 

but the x-ray pulse shape does vary with condi t ions. Hard x-rays are only 

emitted in s table conditions and any instability before ~ 4 vsec reduces the 

hard x-ray yield to less than 2% of its original value. The yield induced by 

inserti~g a probe into the plasma comes earlier and is of lower energy, indica­

ting that fast electrons are born and accelerated at early times at radii com­

parable or less than that of the current sheath . 

Fast electrons are accelerated by both E
z 

~ and Ee, and the electric 

fields, deduced from magneti« probe measurements in ··simil ar conditions are 

<' IQ-3D V/cm, which can cause runaway and acceleration to MeV in a few \.Isec. 

The fast electrons are well confined, although it should be noted that the plasma 

column is pinching during the acceleration; electrons make between 25 and 

100 revolutions of the major axis and some 2000 of the minor axis. The apparatus 

was calibrated using a radioactive C060 source of known activity. The fast 

e lectron flux is abou t 2 x 108 cm-2 corresponding to a total fast electron energy 

of 1-2 joules as compared with plasma energy of some 100 joules . It is believed 

that the total accelerated e"lectron energy may be an order of magnitude greater 

than that of the energetic (> 200 keV) component. 
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Correction: In the main paper the density scale in Fig.2 is incorrect; the scale 

should be multipli ed by a factor of 0.75. It should also be pointed out that in 

Fig.4 the theoretical curves were obtained from model calculations based on experi­

mental data at 3 ~sec. 

Reference 

[1] Vo l kov, Ya.F., Tolok, V.T ., Sinelnikov , K.D. Zh. Tekh. Fiz. vol. 32. p.BIl, 
1962. 
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ASPECTS OF DYNAMIC STABILIZATION OF HIGH-BETA PLASMAS 

(part Il ) 

O.Gruber, G.Becker, H.Herold 

Max-planck-Institut fiir Pl asmaphysik, Euratom Association, 

Garching bei Milnchen, FRG. 

Parametric excitat i on of rn=O, k:::() osci llations by Bz (Fig.!) 

For the r esonant case UI =w
k 

an examp l e of the parametric ex i-
s ~ 

tation of m=O, k=O osci llations by homogeneous oscillating B , . z 
i s discussed (Su. Part I, 3~ The enforced m=() oscillation of the 

p l asma is evident o n the smear picture and on the diamagnetic 

signal. The signals show a 90° phase shift between driving 

field Bz and p l asma oscillation in agreement with the results 

for f:: and 6 obtained by solving the equation of motion (Part 1 ,3). 

After some periods an a value of about 2 is found. The damping 

l osses of the HP field, wh ich heat the dense p l asma,were deter­

mined by comparing the Bz vacuum field (dotted curve ) and the 

Bz-field for ws~. 

Dynamic equilibri um of a tor o i d al Theta Pinch Sector 

In a new s e ries of experiments standing wave magnetic 

have been applied to a toroidal theta-pinch sector in 

study dynamic t o roidal equilibrium. Theoretical paper s 

dict a dynamic equilibrium if "the f o llowing c ondit i on 

l+y2 
-4-- h

2 
6

2
:.: 

fields P] 
o r der to 

(5) pre 

(7) 

is fu lfilled , where h 

wave, 6 = !p is the 

the bump of ~he wave, 

= ~ is the 
~ 

amp~itude of 

y is nearly a 

wave number of the standing 

t he p lasma oscillation in 

constant equal to 2 and 6 

is the toroida l shift o f the plasma to equilibrium position. 

The experiments were carried out in t wo versions. In the 1st 

experiment the "standing wave ma gne t ic field (~B=29 cm) was super­

imposed to a 175 c m long torus sector with ~ = 400 cm , re = 5,5 cm 

and B = 1 8 kG. The plasma parameters ar e: Te=Ti~ 60 eV~ ne(on 
z 16 -3 

axis) ~ 2xlO cm ~ = 0.3. In the bumps o f the standin g wave 

an amplitude of the p lasma oscillation b up to 0. 1 is obtained 



(h=O . B • €; c .Part I) . In the 2nd experiment t he toroidal 

magnetic field was reduced to 12 kG without changing the coil 

geometry and the relative HF-field and plasma oscillation am- -

plitudes were increased. In 

is only 30 eV and h amounts 

angular frequency (115 of the 
su ff icient ly large 

this case the plasma temperature 

to 0 . 15. In both experiments the 

standing wave was 5.Sxl06s-1 

to satisfy the additional con-which is 

ditions: 

needs to 

plasma. 

2~ 
TD» W; 
drift to 

and lU S» 
the wall 

hvA, where TD 
and v

A 
is the 

is t he time the plasma 

Alfven speed in the 

According to eq. (7) an equilibrium at ~:1 cm should be achieved 

for the above parameters and a p l asma amplitude 0 .O.OB. In the 

2nd experiment b was twice as large as this theoretical value, 

but the plasma drift to the wall was not affected . A dynamic 

equilibrium cou l d not be achieved, i.e. the - dynamic force pre­

dicted by theory is not found. This result agrees with the ex­

periments on dynamic stabilization by means of standing wave 

magnetic f ields r31. In our opinion t he theoretical model is too 

much idealized because it is based on l inearized MHO equations 

and therefore neglects direct 

coupling of the modes that is 

found experimentally with 

the Bz-stabilization method 

[ 1.2.41. 
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THE TOROIOAL Z-PINCH PROGRAM AT LOS ALAMOS 
D. A. Baker. l. C. Burkhardt. J . N. Di Marco , P. R. Forman. A. Haberstich 

R. B. Howell . H. J. Karr, L. W. Mann, and J. A. Phill1ps 

Los Alamos Scientific laboratory . University of California 
Los Alamos, New Mexico 87544 U.S.A. 

The ZT-l toroidal Z-pinch experiment has two modes of operation. A fast 
mode is achieved by establishing a current in an inductive storage system and 
then transferring this current to the discharge by means of four fuses and 
transfer switches. A s low mode is achieved by removing the fuses and shorting 
out the transfer switches. Thomson scattering measurements can be performed 
in both cases before the plasma strikes the wall due to instabilities. 

Preliminary measurements have been done at 1 cm below the minor axis of 
the machine. A plasma volume. 8 mm l ong and 2 mm 1n diameter, was viewed at 
90 degrees from the incident laser beam. The scattered light detector had 

o 
four channels located at 65 A i ntervals. The k-vector. important for the 
interpretation of the results. had both radial and poloidal components but no 
toroidal component . Figure 1 shows the data taken in the slow mode. The time 
indicated is in ~sec and is measured from the initiation of the toroidal cur­
rent. The temperature is obtained from a least square fit to a gaussian . The 
data is typical of many shots taken in the slow mode. and the electron temper­
ature varies from 10 to 50 eV, dependi ng on the t ime of the measurement. The 
dens ity, typical ly 3 x 1015 cm-3• obtained by comparison with Ral~igh scattering 
in nitrogen, is as expected from compression of the filling gas. Figure 2 
shows data obtained in the fast mode. The solid squares and the dashed data 
points 'have been measured on two separate shots. The solid curve is the com­
puter's attempt to fit a gaussian to the soli d squares. Clearly. the temper­
ature obtained from this fit is not realistic. The dashed curve is a higher 
order fit to the two measurements as well as to other shots. It is seen to 

o 
be synmetric about the laser 1 ine at 6943 A. It should be noted that er is 
much smal ler than one in this experiment . 

The wave number and frequency of the double humped feature shown in 
Fig . 2 coincides with the dispersion re l ation of Bohm-Gross modes, assuming 
an el ectron temperature of 30 eV. That these modes might be responsible for 
the observation is under investigation. Whatever the phenomenon is. it appears 
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that it must be associated with electrons. Ion oscillations or waves are 
orders of magnitude lower in frequency. The distorted spectrum is observed 
for times ranging from 0.75 ~sec to 5 ~sec in the discharge. Since the 
Landau damping of these waves is large a strong dr iving mechanism would 
have to be present. There is experimental evidence for runaway electrons 
in the plasma . 

Fig. 1 Scattered spectrum 
at 4.8 ~sec after 
initiation of the 
discharge. Electron 
temperature in eV. 
Slow mode. 

Fig. 2 Scattered spectra of 
two discharges at 
3.8 ~sec. Fast mode. " • z • 

" o 
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INJECTION OF PLASMA INTO A THETA- PINCH MAGNETIC FIELD 

Yu.V.Skvortzov , V.G.Solovyeva, V.M.Strunnikov, 
V.N.Lyashenko , S.S.Tserevitlnov. 

I.V.Kurchatov Institute of Atomic Energy 
Moscow, USSR 

Abstract. The motion of deuterium plasma (p - 1) in into longi­
tudinal magnetic fie ld Is studied. Plasma transmission of the mirror 
field and tiT increase due to plasma reflection are estimated. 

Adiabatic compression of plasma by the moving metallic liner is 
a problem which attracts new atten~ion ae a way to qchieve controlled 
fusion. In this case the final plasma characteristics should be de­
teremined by the initial temperature To and density no as well as by 
the degree of liner compression. The Lawson criterion le satisfied 
at n>5.1015cm-} and To =50+100 ev for an egual constituent deu­
terium - tritium mixture /1/. The total quantity of N ie assumed 
to be 5.1022 in a liner 10 m long and 80 cm in diameter. 

The parameters of plasma rlowB produced by modern electrodinamic 
accelerators are rather close to those required with respect to N 
and T. Thus , N~3.1021 for the particle velocities 107 cm.sec-1were 
observed in /2/ and these could by further increased. 

In spite of having carried out a lot of studies of interactions 
between the plasma and longitudinal fields the problem of plasma 
injection and its trapping by the a-pinch magnetic field still has 
to be investigated in more detail. 

We have continued our studies of the motion of nonmagnetlzed 
highly ionized plaema blobs in longitudinal magnetic fields and 
investigated the mirror-plasma nonisothermal interactions. 

The experiments were conducted with a deuterium plasma flow 
ejected from a coaxial gun /3/ ' operated under the regime of plasma 
focus formation /4,5/. Under these conditions the plasma flow se­

parates ~o several blobs during its flight. The velocity of the 

frontal blob is 4.107 cm.sec-1• The plaama diameter can be control­
led by chosing a proper ~alue of the magnetic guide field Bo' At 
Bo=2 kG, the pressures Bo/87i and nkT were equal for a blob 5 cm in 
diameter. In this case the blob was 100 cm long, the denSity being 
2.10 15cm-} T , e =2~5 eVe 
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The schematic drawing of the experimental device 15 shown in 
Fig.1. ~~ 

Fig.1. Schematic drawing of the device: 1-injector, 2-steel, 
3-g1ass tube, 4-1iner /the thickness-1mm), 5-diamagnetic 
coil, 6-(B=)-coil, 7-diagnostic cube, B-guiding field 
Bc-coil. 

The plasma pipe is 375 cm long. A short coil (the inner diameter 
80 mm) generating quasi-stationary barrier field B= up to 20 kG was 
placed into the diagnostic cube. An array of 19 small magnetic pro­
bes, 5 diamagnetic loops, Mach-Zender interferometer with a streak 
camera aDd laser lighter, aB well as two monochromatora with photo­
multipliers calibrated for absolute measurements were used to deter­
mine the plasma parameters. These techniques used simultaneously 
enabled obtaining the information about the flow structure in every 
experiment. This is of particular importance in the case when the 
plasma la removed from the walls (the glass tube of the plasma pipe 
is 15 cm in diameter) while the blob symmetry axis does not always 
coinsldea with the chamber axis . 

Plasma injected into the theta-pinch should not be apreciably 
magnetized when passing through the guide field. The gun, however, 
could not be placed near the liner entrance because in this case the 
effects of impurities as well aB the currents from the injector are 
very dangerous. Taking these facts into account, the length of the 
plasma pipe should be chosen so as to ensure time lagging of the 
impurities during the flight. We have estimated the maximum flight­
length using the Bohm diffusion coefficient. For Bo=2 kG, the above 
plasma parameters and blob geometry the diffusion rate is 3.104cm • 
• sec-1 while the field penetrates into the blob in about 10-4sec. 
After this period of time the blob should be at a distance of 40 m 
from the gun (V=4.107 cm.sec-1). To ensure the blob boundary con­
stancy it is necessary that the flight-length should be one order of 
magnitude less. This requirement determined the distance between the 
gun and winding B=as 150cm. A contaminated plasma enters the region 
of the barrier field B+10)"s after the main blob, and consequently, 
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Fig.2. Field dis­
tribution ineide the 
liner in presence of' 
the frontal plasma 
blob:1-liner, 2-cham­
ber wall, 3-the axie 
of the chamber, 4-the 
axis of the blob, 

can not influence the interaction between the 
magnetic field and the frontal blob. The inter­
ruption of the UHF (1\ ::;4Ll.1Il) signal penetration 
also indicated the efficiency of plasma sepa­
ration. Fig.2 illustrates the radial magnetic 
field distribution inside the liner and plas­
ma at a distance of 97 and 200 cm from the 
gun. The curves were plotted using the magne­
tic probe data. For each cros~ section they 
were averaged over a lot of experiments. The 
radial dimension of the blobs does not actually 
vary during the passage, it is consistent with 
the mean diameter determined from the inter­
ferogramms taken in the region of the diag­
nostic cube. 

Numerous processes accompaning the inter­
action between the plasma flow and magnetic 
barrier field make it difficult to predict 
the confine ourselves only obtaining the most 
essential information in the initial stage. 
This involves determination of the mirror 
field transmittance for a fl -1 plasma and 

nT increases by the blobe reflection. 

5-11 B-probe measured 
field, 6-distribution 
at 97 cm from the gun, 
7-distribution at 200 
cm from the gun. The measurements have shown that the 

barrier transmittance is 1,5% for B ;20 kG. 
When the field strength was decreased up to 

12 kG it increased by a factor of 3. These data have been obtained 
from the spatial distributions of nT plotted for the regions before 
and behind the barrier. Fig.3 shows one of such distributions (for 
Bmax=20 kG). They were used to determine the blob dimensions. The 
flow density was estimated from the interferogramms. 

It is seen, in Fig.3 that tiT sharply increases in a region 10 cm 
from the coil plane Ba. Shock heating cannot occur in this case, 
because the ion free-path length calculated fron longitudinal velo­
city ia many times greater than the blob dimeneion. It is likely 
that this region is a zone of the flow reflection from the barrier. 
Maximum density currents which heat the plasma are generated there. 
The reflection is detected both by magnetic probes (as second maximum 
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, Fig.}. Spacial distri-
bution of nT value for B = 
=.2., kG and B.. =20 kG. Co il 0 

B~centre was disposed at 
the plane z=O. 

appear in their signals and nT doubles) and by an interferometer 
(as the particle flow de,nsity doubles). An increase in nT solely due 
to the counter-streaming is observed in 70% of the events. In the 
other cases tiT was observed to increase more appreciably in the 
reflected flow. 

The mechanisms responsible for this phenomenon have not yet 
been found. It seems that these mechanisms could be used for ther­
malization of reflected flows of plasma. It i8, however, possible 
that the thermolization could be easily provided by particle density 
increasing in the blobs when more powerful flows are injected into 
a theta-pinch. 
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LINEAR and NON-LINEAR PERTURBATIONS of a PINCH 

surrounded by a FORCE-FREE FIELD. 

by 

Dirk K. CALLEBAUT". Jan G. KRUGER** and Hugo OTTOY 

*Departement Fysica, Universiteit Antwerpen (ll.I.A .), 
Unive rsiteitsplein 1, B-26 10 Wi l rijk. Belgium . 

**Seminarie veer Wiskundige Natuurkunde, Rijksuniversiteit 
Gent, Krijgslaan 271, B-9000 Gent. Belgium. 

Abstract. The mhd theo~y fop a simple plasma column peruaded by a homq­
geneous magnetic field and surrowuied by a force - free field which in turn 
may be surrounded by a concentric metallic boundary is derived to second 
order in the perturbation amplitude . 

1 . INTRODUCT I ON . The method for studying perturbations of fi­
nite amplitude investigated exten s ively by one of us for liqui.d. 
plasma and gravi ta tional cylinders I 11 -[ S) is exposed here for 
a fair l y simple pinch. The aim is to investigate the non-linear 
behaviour, to look for the influence on the stability criteria, 
to set limit s on the doma in of validity of the linearized theory 
and to have a guiding model for the study of dynamic stabi l iza­
tion. 

The present extension i s an important one for severa l re asons. 
(a) Experimental. There are indications a t various l aboratories 
(Jutphaas, Culham, Garching) that" currents do flow in the pres ­
sur eless region surrounding the pinched plasma. 
(h) Theoretical 
(i) Force-fr ee fields are the most general equilibrium f ie ld pos­
sib le in a pressureless r eg ion. 
(ii) There are several argument s in favour of force-free fields 
with constan t a (= current· to· field ratio) in view of properttes 
of equilibrium, stability and evolution (due to resistive decay). 
(iii) A more involved pinch case which can be so l ved ana l ytically 
when surrounded by a vacuum field can a l so be so lved analytically 
when surrounded by a force-free field, as well linearly as non~ 
linearly. Thi s is due to the fact t hat the perturbations of the 
force-free field in a pressureles s region can be obtained for all 
or ders; they do not involve non-linearity (of hydrodynami C origin); 
they are related to the plasma terms (having non-linearity) through 
the boundary conditions only. I 

2. MODEL. At equilibrium the plasma co lumn is an infinitely long 
cy linder of circular cross-section (radius Ro). A concentric me­
tallic cylinder of arbitrary radiu s qRo may be present (q>1). The 
plasma is homogeneous, incompre ss ible and has isotropic pressure 
and zero resistivity. The equilibrium magnetic field in the plas­
ma is ~omogeneous and parallel to the axis (z - axis) of the cylin­
der : H!n = Ho (0,0,1). If the surrounding region is pressureless, 
the most general field possibl e is a force-free one : div Hex = 0, 
curl Hex:: 0: Hex. Ne take 0: constant, several arguments favouring 
this case. 
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It can be s hown. eithe r d irectly or from the general solut i on , 
that jf cyl inde r and rotational symmetry are r equired, then 
th e on l y so l ution is the genera lized Lundqvist field : 
He x .. l! o(o ,ztCar),Zo(a r)) \'I ith Zt (=aJi+bYi) a nd ZoC"'aJo+bY o) 
being the Bessel fun c tions of f i rs t and zero order r especti ­
veIl (a and b are constants). Alternatively r equiring that 
Hr e (r,~,z) va ni s hes (and it has to vanish a t l east at Ro and 
at q Ra. and if pinchi ng occurred even at a conti nu ous rang e 
for r) . we obtain again as only solution the generalized Lundqvist 
fie Id. 

3. METHOD. 
fa) HieJ'al'C!hy of higher· ordeI' systems . At the sur f ace the first order 
perturbation is taken as Ro £: c os kz. He re £: = Eo expat i s the 
rel a t ive (i .e. divided by R

9
) amplitude at any time and ~o is 

the r e l at ive amplitude at tIme t=o.cr is the gro~h rate or ~ 
times the oscil l ation frequen cy and will be determ i ned by the 
dispersion relation as a fun c tion of {' (the density), Ro,q,k " . 
and m (the longitudinal. re s pective!2 a~i@uthal wave number) . 
Ho. a , a and b . It has been a rgued ),l~J that a s erie s develop­
ment in E(instead of in E:., only) is very plausible. Experiments 
have strongly confirmed thi s point of view . However this is not a 
trivial expansion and has to be used in connection with item (b) 
of the method. Th"r:ough this development the time dependence is 
compl etely taken i nto account , but the sys tem is replaced by a 
hierarchy of coupled systems. The indice s 0, 1, 2, , .. are used 
systematically for quantitie s of zeroth, first. second, ... order. 
(b) Fami ly of non-lineal' terms belonging to a single "Linear tem. Every 
term of the linear analysis generales sets of terms in the second, 
third, .. • order E.g. with co s kz cos m~ as a fir st order term 
correspond terms proportional to cos Zkz cos 2m~, t o cos 2m,. 
to co s 2kz and a constant; wit h cos 2(kz + m~) corre spond only 
two second order terms; the number of related terms increases 
with the order. 

Just as a linear Fourier ana lysis lr.'Orks with one term, now the 
non-linea r analysis works with the family of terms generated by 
one (linear) Fourier term. However, besides some differences al­
ready indicated, a major difference consists in the fact that a 
Fourier analysis can study an arbitrary perturbation by just ta­
king a linear combination of terms, while the non-linear analysis 
has t o make a similar summation and add moreover interference term s . 
(c) The perturbed fields are il'1"OtationaL It can be shown that the per ­
turbe d veloc ity and ma gnet ic fields are irrota tional at least t o 
second order in the perturbation ampl itude if one of the first or ­
der fi elds is a gradient. This is a great simplification. It has 
to be point ed out however that this third topic in the procedure 
of solving is not of as general a nature as topics ( a ) and (b). 
Including e.g . resistivity or taking the equilibrium field in the 
plasma as inhomogeneous destroys the irrotational character. How ­
ever, here the import ance of t he argumen t presented under 1 (b) 
( iii) becomes appearent . 

4. RESULTS. The part of the theory r elated to the plasma cy linder 
itself can be taken over integrally from ref . 3 . 
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where 

the perturbed field in the force­
force-free field wit h as current­
constant a as the equilibr ium field 

(Alfven frequency) 

( 
\. l- 1)1-. X ; 't. K -0( . 

) 

I (x) = 1'11 1 (x.) t k l' ('1) 
'h\ x'trt 0<. 1\'\ 

11,< (x)= m K (-x.J. Js. 1-\' (T) r \m ?C m 0( m 

;[ (x) = JL m ('\x) IK,,,("l:) -IV", (1'1)1,,,[1) 

with Im and K~ the current notation for the modified Besse l 
function s; the argument is K if not indicated; s imilarly the 
argument for Zo and 2 , is a Ro if not indi cated . 

A tremendous simpli fication occurs when ~Zo+mZl:o . 
This means phy s i cal ly that the "phase " of cos (m,,+kz) is zero 
(or constant) along the field lines on the interface 
between the pl asma and t he pressureless region . In this case 
the first order perturbed field in the pressure l ess region va­
nishes, maki ng the dispersion relation, etc. independent of 
q,Z , and Zo (e xcept through t he relation KZo + mZl : 0) 
(b) Second of'del' theory . Corresponding to the first order displace­

ment ~1 a RoE cos (kz+mr) we obtain 

"2 • R •• '(- { • AZ cos 2 (kz • mr)) 

with A2 a very complicated 
Z,(aRoJ, Zo(aR ), etc. The 
Obviously the iinear theory 

function of I (2K), 11 (2K). loCK), 
coefficient Ai ha s singularities . 
is invalJd the re. 
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The "domain of validity" of the linear theory is obtained . 
Although the second order theory does not affect directly 
the stability cr i teria through cr , the s ingul arities may 
change an oscillation i nto an instability . 

Again the case KZo+mZl = 0 yields a tremendous s impli~ . 
fication and a strong discollnection between the plasma cy­
linder and the pressure l ess region; this can be further 
interpreted and exploited; however, the second order field 
in the pressureless region does no t vani sh in th i s case. 

5 . EXTENSIONS. 
( a) ReplaCing the generalized Lundqvist field by a force­
free field e ither of variable a or hav in g constant a bu t 
both ¥ and z dependence and a Hr component is possible but 

cumbersome. 
(b) The extension for finite pl asma r es i stivity is easi l y 
obtained by combining the present results with those of ref.4. 
(c) In a sim i lar way ViSI:osity can be taken into account. 
(d) Again the extension for a magnetic field in the pl asma 
having the form Ho (o, o , 1-ar 2) , with a a constan t is easily 
obtained by combining th e present results with those of ref.5. 
(e) Conpressibility was considered in ref . 7 (k = m = 0); 
a genera l wa y of t aking comp re ss ib i lity into · account is und er 
developnent. 
(f) Inc luding higher orders and interference i s po ss ible but 
cumbers ome . 
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Supp lement to; 

PLASMA DYNAMICS AND CURRENT SHEATH S"'RUCTURE It! 

COLLISIONFREE ~'HETA -PIJl CIiES 
by 

K. HBthker, K.J . Dietz. K.! I. Dippel a nd E . Hintz 

Institut fUr Plasmaphysik del' Kernforschunesanlage J Ulich GmbH 
Association EURATor~-KFA 

JUlich/FRG 

----------
Previous ly measurements of ne(t), Te(t) and B (t) at r: 8cn (and 
r=6cm) have been report ed and discussed. tifeanwhile the SAme r.lea­

surements have been performed further away from the axis at r:: 12cm. 

The imploding current sheath passes through this position without 

being intersected by the fast de ns ity pulse which is propAratinr 
ahead of the piston at 2 up and whic h is refle c ted at the axis ; 

therefore a better investig~ti on o f the structure of the cu rrent 

sheath is possible. 

The results are in agreement with the proposed interpretation for 

the previously observed density profiles (at r=8, r=6cm). 'rhe to­

tal number of parti cle~ in the first two density pulses (Fi~ . 1) 

is conserved and the pulses do not disperse. Betw een r=12c rr. and 

r=6cm the plas~a encountered by the piston is trap~ed in the cur­

rent sheath. 

A comparison of the amount of enerty absorbed in the piston du e 

to the incoming and trapped plasma flow with the energy Fain of 

the electron £ 8S shows that the latter accounts only for about 

10% of the total absorbed energy. One Dust expect therefore that 

the mean ion energy is larger than that of the e lectrons and this 

raises the question whether the condit~ans for the onset of ion 

sound instabilities are fu lfille? throughout the s hea th as it has 

been proposed previously. 

The effective electron-ion collision-frequency, obtained from 

the energy balance equation on the assumptions that resi s tive 

dissipation is the only source for an energy gain of the elec ­

trons and that energy losses are negligible, is of the order of 

LrJpi ' This is in agreement with the value of Veff derived from 

the observed magnetic field diffusion rates 12/. 

The eVOlution of vd(t) and vd(t)/cs(t) in the current sheath at 

r=12cm is shown in Fig. 5. There is qualitative agreement with 

the corresponding curves at r=8cm (Fig. ~). It is noteworthy 

that vd/c s tends aSYr:1ptot ically to 8 value vd/cs~2, a limit 
which was also found by Biskamp and Chadura I~I in computer ex -
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periments on crossfield, current driven instabilities . 

~:e can further report some prelirr.inary meaSureFlents of micrm/flve 

emission by the plasma at the wavelen["ths A.:;; 3 . O.B , 0. 11 crr. . 

~t ronC' microwave radiation IIlaS observed at).. :: 3cr.! at early tifT".es 

and a t \. :: :::l . Sc r.: at later tinies; at A. :: 0 . 4crr, there was no siFnal 

at all . As shown in FiG . 6 there is eood indication that rad i ation 

is en,itted on ly at a frequency equE'l to that value of the p l asr.a 

fre~uency correspondin~ to the maximum electron density in the 

p i ston . 

Mic r owave emission at .A :: 3cr:l is observed when the sheath passes 

at a~out r:1 6 cr:1. In Fir . 7 we show the 3cm-microHave sirnal and 

the D sirnal at r::1Gcrr. as function of time; the similarity is re­

r:1arkable. 

REFERENCE, ----- 141 D. Biskamp and R. Chodura, Proc. V. European Conf. 
on Contr . Fusion and Plasna Phys., Grenoble 21.-2 5 . 
Aucust 1912, Vol. I , p . 177 
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Fig. 5 : Drift velocity Vd and vd/c s as function of time (at r::12cm) 

Pi@". 6, Cut-off wavelen~th for ne r.:ax in the piston as function of 

time compared with the appearance of IT!icrowave emission at 

A. ~ 3cr:J and A ~ 0 . 8 cm 

Fig . 7: B at r::16cm and 3cm microwave intensity as function of time 

376 



THE PRODUCTION OF WEAKLY COMPRESSED HIGH-BETA PLASMAS BY 

SHOCK HEATING IN HIGH-VOLTAGE THETA PINCHES 

M.Keilhacker, M.Kornherr, H.Niedermeyer, F . SBldner, K. -H . Steuer 

Max-planck-Institut fUr Plasmaphysik, Euratom Association 

Garching bei MUnchen, F.R.G . 

Since submission of paper No.2.3..2.published in Vol. I of these pro­

ceedings the laser scattering measurements of density and electron 

temperature on axis (r = 0) have been improved and then been re­

peated at about half the tube radius (r = 9.5 cm). From these and 

other measurements a picture of the plasma properties after shock 

compression can be drawn. 

Fig. 1 shows the time development of the el ectron density ne on 

axis together with the neutron flux and the external magnetic 

field Be (initial density 2 x 1013 cm-3). The density on axis 

starts to rise when the magnetic piston i s at about half the 

tube rad ius (c. f. Fig. 2 of paper No . .?t2 in Vol. I) thus in­

dicating that ions are elastically reflected by the magnetic 

piston (free particle model). 

Both density and neutron flux reach a first maximum at between 

400 and 500 ns (a second maximum ,is clearly visible in the neutron 

flux only). For this time of first maximum compression Fig. 2 

summarizes all the measured plasma quantities to give a rough 

idea of the kind of plasma that can be expected after shock com-
14 -3 pression. The density decreases from 4 x 10 cm on axis to 

8 x 1013 cm-3 at r = 9.5 cm. The mean ion energy as calculated 

from the neutron yield is 1 - 2 keV. The electron temperature on 

axis is onl y 25 eV. which can be accounted f or by adiabatic com­

pression, while at the plasma boundary with its steep magnetic 

field gradients it is between land 2 keV . These high electron 

temperatures seem to extend into the low density plasma region 

at r > 10 cm. 
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-----Thus one obviously has a dense 6 ~ I "plasma core with radius 

r .... ra/3 

by a low 

consisting of hot ions and cold electrons surrounded 

density high electron temperature (and possibly even 

high ion temperature) plasma halo in which the pressure slowly 

decreases towards the tube wall as indicated by the radial 

magnetic field profi le . End-on framing camera pictures indicate 

that the low density plasma forming the halo is caused by 

Rayleigh-Tayl or instabilities. 

In view of the diffuse profiles and of the plasma halo in 

particular it is not quite clear how the compression ratio 

relevant for wall s tabilization has to be defined. If one 

takes the radius a t which, = 0.5 (, = (Be2 - B(r)2) / Be2) 

then ~ ~ 1 .B results. While the position of the steep magnetic 

field gradient would yield K ~ 3. 
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ION HEATING IN A STRONG l-lAGNETIC COMPRESSION WAVE 

R.Chodura, B.Rothlein 

Max-Planck-Institut fUr Plasmaphysik, Euratom Association, 

Garching bei Munchen, F . R.G. 

As a main result of our numerical simulation experiments we found 

a strong correlation between the efficiency of ion reflection in 

the implosion phase and the gain ,of thermal ion energy in the fol­

lowing relaxation phase. 

The efficiency of ion reflection from the imploding wave front is 

essentially determined by the ratio of two time scales tc and tn 

Where tc is the implosion time, i.e. the time it takes for the 

wave to run across the tube radius, and tn is the diffusion time, 

i.e. the time it would take for the external magnetic field to 

penetrate into the resting plasma by finite conductivity up to 

the tube axis. 

Omitting numerical factors, tc and tD are given by 

tD f'./\J 

respectively. So the ratio of these two times is given by 

The dependence of ion heating on the relative diffusion time T is 

shown in Fig.la In this figure ~ was varied by varying either e~ 

\J or P independently. For small T. i. e. fast diffusion rate, ion 

heating becomes inefficient. 

In the special case when collision fr e quency \J eff is coupl.ed to 

the plasma frequency as is indicated by computer simulation of 

anomalous resistivity in a turbulent plasma and by experiments. 

T becomes independent on initial density no. ~lUS also the 
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product no~ stays constant and the mean ion energy per partic l e 

varies as lin o when varyi ng no' This is shown in a special case 

using parameters o f the s h ock wave experiment in our institute 

(Fig. 2). 

I n conclusion , we wou l d l ike to point out that our hybrid mode l 

of fluid electrons and ion partic l es seems to describe the dynamics 

and dissipation in shock heating experiments quite well. Ion 

heating strong l y depends on the effectiveness of ion ref l ect i on 

during implosion and this in turn is determined by the rate of 

field diffusion d uring the time of f i rst compression. 
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ON THE EFFICIENCY OF VARIOUS DIVERTORS FOR SCREENING A 

FUSION PLASMA 

D. Eckhartt. G. Haas, K. U. von Hagenow 

Max-Planck-Institut filr Plasmaphysik, EURATOM-Association 

Garching h. Milnchen, F. R. C. 

[n the region outside the separatrix of a toroidal plasma the containment 

might be worse. The presence of a divertor or limiter interrupting 

currents and plasma flow along the magnetic field line might affect the 

plasma equilibrium. We have taken thi s into aCCOlln t by introducing an 

enhanced diffusion outside the separatrix. As expected, this enhanced 

radial diffusion makes the screening laye r much thicker with a much 

lower density. In unfavourable cases, a considerable fraction of the 

nux of hot ions out of the plasma reaches the wall. Lf we do not assume 

an additional loss term on the wall in the case of Stellaratol'-divedor 

the transparency of the screening layer for neutrals coming from the wall 

i s not changed . [n the case of a Torsatron-like ai' a bundle-divertor there 

i s a greater effect, but even with an enhancement of the radial diffusion 

by a factor of 100, which gives about Bohm-diffusion in the outer region, 

the screening layer is still opaque. In Fig. 5 we have used the same para ­

meters as tho~in Fig. 3 of our original paper excep t for the diffusion 

coefficient outside the separatrix . The most important feature i s the 

thick dashed curve which, in a rbitrary units, represents the hot plasma 

nux d riven by diffusion. As seen from Fig. 5 th ere must be a very large 

distance between the separatrix and the wall in ol'd el' to prevent an in ­

tol erable nux of hot plasma from hitting the wall. 

In the case of the bundl e-d ivertor the conditions are still worse, since 

the conductance to the divertor increases more slowly with x and therefore 

the pumpin g speed is l ower in the outer region far away from the separa­

trix. 
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NEOCLASSICAL DIFFUSION OF d. ~'PARTICLES 

A. Nocentini, M. Tessarotto 
Istituto di Meccanica dell'Universit~, Trieste, Italy 

and F. Engelma nn 
Laboratori Gas Ionizzati (Ass. EURATOM-CNEN), Frascati 

Italy . 

The formulae (3) and (4) of the paper for the radial d-pa~ 
ticle flux and the supplementary electron f l ux due to the presence 
of~-particle9 in tori of large aspect ratio are in error. They 
should read 

at. ,,(~) 
I 0( e 

~ - - 0,53 -£"''''A,-'n'-',~ 
'" 

and 

cl j' t (0) li £ !d' P (0' cLr d u u to( (V) + 1,6 C Bp "'ro< (V) 
(3' ) 

(4' ) 

with yr a numerical factor of order 1 . The s upplementary ion flux 
due t o the presence of al. -particles i s t o lowest significant order 
i n E 

~t V ~:) cl f 3 .t (0) Yl. E ~3 .p{O) 
!;.1i = O, S ,>ZoI CV, n; dr d. U V to< (".) - ~,4b 201. £ Bp I "'To! Cv) . (A . 1) 

The ambipolarity of the particle fluxes, which holds, of course, e~ 

actly, can be verified explicitly from the preceding results to lo~ 
e st significant order in t . In fact, the diffus ive flux of the 
<X -particles is mainly balanced by a reduction of the ion diffusi­

ve flux (not by the modification of the electron diffusive flux) , 
whereas the supplementary Ware terms of electrons and ions cancel 
each other, the ware flux of the ~ -particles being of higher or­
der in E . This latter flux is outward in contrast to what appears 
for electrons and ions , due to th~ fact that the dominant effect of 
the toroidal electric field on the d.-particles is via the drag 
connected with the electron current (opposite to ~). 

For reference, we give here also formulae for the cl -pa! 
ticle energy flux ql( and the supplementary electron energy flux t.Qe 
due to the presence of <:J.. -particles: 
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.t v C!» q ':lI , e 

~= - 0,53' tV'n' 
« 
~-Jd'tr dr 

, 
3 m.tI{ t1 

2 
CA.2) 

CA.3) 

They show that energy and particle fluxes are connected with 
the same time scales. Note that the energy flux of the ~ -pa! 
tlcles contains a term which 1s proportional to the radial 
self-co nsistent field £ r • The appearance of this contribu­
tion is again due to the fact that the dominant collisional 
effect here is a drag rather than pitch angle scattering. 
Quantitatively this effect is, however, unimportant as it is 
typ ically by a factor eE rd ~ ~ smaller than the diffus! 
ve flux. ,Lld. .o .ito{ ,o -
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Corrigenda and Addendum : Tl Remarks Concerning 

Experimental Simulation of the Pel l et - Refuelling lt 

by C . T . Chang. Ris~. Denmark . 

Corrigenda : 

il In eq . (1) o f t he paper, the drar: coefficient should 

be CD " CD (M, \/rp A) 

where A u/ __ B_ 
(4 orf ,v./'i 

is the Alfven - Mach numb er . 

i D In table 1, for t he 5 G" reac tor , the nu mber density 

should be n " 2 . 8~ 

Addendum : Time scale , to for ending the i mpa ct pha se . 

For impact particles at an average e nergy around and 

exceeding 10 keV, most of its energy is lost through the 

pair- p r oduction process r l 1 , let AI' be the corresponding 

ave rage penetration depth , t hen N = lj itr 2 1). r ns is the n umb~r 

of particles contained in a shell of thickness A r , and 

to = n/G (A-l) 

where G =\ F lj Tt r2/1r} (A- 2 ) 
o 

is th e ab lation rate . Our main probl e m is to es t i mate the 

penetration depth A r an d the absorption coe ff , >.... 
i) If the impact particles are i o ns A I' = S, the average 

path length obtained by integrating directly the s topping-

power formula, i.e. 

fEdE/( _ dE) 
ds 

f -W 

f o r E '» W (A- 3) 

When the impact particles are electrons d u e to multiple 

scattering and st r aggling effect, we take emperically [ 2 ] 
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br = 5/4 ( A- 4) 

ii) To estimate the absorption coefficient ~, we proceed a s 

the fo llowing : 

For ion impact , we take ~ as the ratio between the 

stopping_power for ionization and excitation against the 

total stoppinr _power [ l l. For electron impact we take A as 

the percentage of inelastic collisio ns in collis i o ns between 

electron and atomic hYdrOgen r 3]. 

Using these considerati o ns, the c alculated results for 

particle of 20 keY energy are summarized in the accompanying table. 

- - ------ 1 - -------- · 

F, Watt/cm 2 7 .0 

- dE/ds ev/cm 2 , 
" r, cm 1. 8 

A 

G, -1 
2 sec 

to' sec 3 

I on 

x 10
7 

x 10
8 

x 10-7 

0 . 50 

x 10
2 5 

x 10-10 

Electron 

4 . 2 x 10 9 

3 x 10
4 

3 x 10-4 

0 . 91 

1.4 x 10
27 

7 x 10 - 9 

Note : ( dE/ ds )D+ a r e computed from data of H+ in H[ 4 ] by 

usi n g stopping num ber B(H 2 ) = 2B(H) and for D+ at the same 
+ i impact energy of H , (dE/ds}o+ 2(dE/ds)H+·· 

-'----- ------------- _. - _. . _ . __ .... _--
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1) A . Dalgarno and G. W.Griffi ng, (1955) Proc. Roy . Soc, A232, 423 

2 ) R. O. Evans (1955) "The Atomic Nucleus lt McGraw -Hill, 

Ne w York and London . 

3) H. S . W.Massey and E.H. S .Burhop (19 56) l1Electron i c and 

Ionic Impact Phenomena", Clarendo n Pres s , Oxford , p . 177 . 

4) W.Whaling ( 1958 ) in "Handbuch der Physik", S . Fliigge, ed . 

vol . 34 , Springer, Berlin . 
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Abstract 

UNIVERSITY OF WISCONSIN TOKAMAK POWER REACTOR DESIGN 

C. W. Maynard. R. W. Conn, H. K. Farsen 
Nuclear Engineering Department-University of Wiscons in 

Madison, Wisconsin, U.S . A. 

The basis for design decisions and summary of the main system parameters for 
a 5,000 MWth , Tokamak designed by the Fusion Feasibility Study Team at the 
University of Wis consin is presented . 

Introduction 
There is no minimum or sharp break in the dependence of the cost per 

unit on the total power of a D-T fueled Tokamak reactor. This measure of 
performance decreases slowly with increasing power and thus the size of 
the plant is likely to be determined more by the needs of the constructing 
agency than by the plant characteristics. Since cost decreases with increasing 
plant size , the unit described here i s 5,000 MWth which is as large a plant 
as seems reasonable today. With the output fixed in this somewhat arbitrary 
manner, a design philosophy has been adopted which chooses existing technology 
to the maximum extent possible. This has dictated use of stainless steel as 
the structural material in spite of the appealing potential of the refrac tory 
metals. The choice of liquid lithium as coolant seems very sa~isfactory 
despite the problems of flow of a conducting fluid in t he magnetic fields 
present here. The remaining first order feature of the system to be fixed i s 
the choice of Nb-Ti as the superconductor wh ich is in keeping with our actual 
field requirements and current technologica l capabilities. 

Geometry 
There are a number of constraints which could limit the choices of the 

major r adius and the aspect ratio. These include the maximum attainable field, 
yield stresses, and radiation effects. In fact, the most restrictive limit 
can be stated as the neutron wall loading, which is the power associated with 
the fusion generated neutrons per unit area of the first wall. The wall 
loading constraint i s a result of several radiation effects which limit the 
useful life of this wall. Bulk effects due directly to the neutron flux are 
usually dominated by swelling due to void forma tion and embrittlement caused 
by atom displacement and by helium product ion. As these effects are also 
temperature dependent, the operating temperature is also related to this 
constraint. In addition, the electromagnetic and charged particle flux produces 
surface damage which must be cons idered. These include the sputtering of wall 
atoms into the containment chamber and blistering and flaking of the wall. The 
limiting constraint is one of the above two bulk effects, depending on the 
operating t emperature . Data currently available indicate the embrittlement 
is prohibitive at any acceptable wall loading unless the temperature remains 
below that at which helium forms bubbles. This will limit the operating 
temperature to approximate ly 500°C in the case of a stainless steel wall. The 
wall loading is then limited by radiation induced embrittlement due to dis­
placements to around 0.5 MW/m2 if it is assumed that the first wall is replaced 
every two years. Due to the extensive extrapolations and uncertainties of 
the data, a somewhat more optimistic limit of 1 MW/m2 has been used in our 
feasibili t y design. With the total power and the wall loading fixed, the 
surface area of the wall is fixed leaving only the aspect ratio of the torus 
to be chosen ·in dete rmining the general geometry . Optimization studies of 
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the cost, considered as proportional to the energy stored in the magnetic 
field, show a minimum at a very low aspect ratio. However, this ratio cannot 
be reached when the finite blank et, s h ield and magnet thickness plus the 
Tokamak transformer space requirements are considered. The optimum aspect 
ratio is then the smallest consistent with the above constraints aod was set 
at 2.6. 

The optimization just described includes the main plasma physics re­
quirements for confinement . The stability factor "q" should be as small as 
possible to optimize the power density of the plasma, but for stability must 
exceed unity by a safe margin . At the same time, if steady state operation 
Is to be possible, the boots trap current must provide the shear necessary for 
stability . This fixes beta poloidal as the square root of the aspect ratio. 
The temperature can still be adjusted to an optimal value by introducing the 
proper percentage of a high atomic number impurity to enhance radiation losses 
allowing a higher fusion rate at a different temperature. The result ing 
confinement time would then become t oo long if scal ed using neoclassical theory 
and it is necessary to assume one can spoil confinement relative to t he 
extrapolated neoclassical value, possibly by intentional field errors, to 
adjust the confinement time and the fractional burnup. There are two steady 
state operating pOints, one stable at a relatively high ion temperature and 
the other unstable at a lower temperature. The unstable point requires a 
considerably smaller confining field and thus has a lower cost. A premium can 
be paid for an adequate control system to allow use of the unstable point. We 
have found that the cost of the magnets required for operation at the s table 
plasma point is 50% higher. The requirements for a control system is stil r 
under investigation . 

Divertor 
Sputtering and blistering of the first wall as well as contaminat ion of 

the plasma result from charged particles striking the wall . To minimize these 
effects, a divertor capable of carr ying away most of the particles diffus ing 
from t he plasma is employed. This operates by introducing additional windings 
with an appropriate curren t to produce a field configuration such that field 
lines outside a particular surface close outside the confinement chamber. The 
path of particles following these field lines is interrupted by a medium capable 
of absorbing the energy and impact of these exhaust particles . The divertor can 
be a single or double null system. The design crlOsen is a doub l e null one 
which simplifies the task of obtaining greater c urvature of the divertor slots, 
and this in turn reduces leakage and the assoc iated shielding requirements at 
the outer edge of the s lots. There is a l so some merit in reducing the exhaust 
l oad to be handled in a single slot . However, the main advantage of the double 
null system is the elongation of the plasma in the vertical direction which 
allows the toroidal windings to be smaller for a given plasma volume. The 
efficiency of a divertor in reducing the charged particle current to the wall is 
not yet known. However, it hardly seems worth while if it isn't at least 90% 
eff i cient , while on the other hand, there are other limitations which are at 
least as restrictive as the sputtering and blistering at this efficiency . Thus, 
it is felt that the wall and plasma radii must in practice be adjusted to achieve 
at least 90% efficiency even though no figures are yet available. 

Blanket and Shield 
The thickness of the first wall is determined by stress and eros ion. The 

stresses due t o the pressure of the flowing coolant and the thermal gradients 
COmbine" to give a stress curve with a minimum when plotted against the wall 
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thickness. The stress at the minimum must ' lie below the maximum t olerable in 
the wall material. Thus, t here ls normally a range of thicknesses that are 
allowable from the st ress c~nsiderations . However, wall erosion will necess itate 
a minimum thickness which l s the stress limit plus the thickness e r oded by 
the charged particle surface effects on t he o utside and liquid metal corrosion 
on the inside . This in turn must not exceed the maximum thickness se t by 
stress alone. All of the conditions above can be met in the present design 
if it is based on r eplacement of the wall every two years instead of a twenty 
year plant life. The wall is thin compared t o a mean free path for 14 MeV 
neutrons and has little i nfluence on the neutron flux, but for cost and radio­
activity reasons, the wall is chosen as the thinest of those allowed above, 
namely, 2. 5 mm . 

The region behind the first wal l contains liquid l i thium and the s tructure 
needed to channel the lithium flow. The thickness of the region is fixed by 
t he need to breed tritium, to r emove most of the energy being prod uced and to 
allow for proper flow of the el ectricity cond uct ing coolant in the presence of 
the required magnetic field . All of these needs are met with a 50 centimeter 
blanke t zone followed by a 10 centimeter steel reflector and a final 5 centimeter 
lithium zone . This blanket absorbs about 95% of t he neutron ener gy and f urther 
attenuation in the coolant is achi eved at too high a pr ice . The energy will be 
recovered in the shield. but at a lower temperature . The breeding is still 
higher t han is really necessary to allow for losses from divertor s l ots and 
fueling ports and for nuclear data errors . Adequate flow configur ations are 
very important since pumping power may be greatly incr eased if fast f low transverse 
t o the field is demanded. 

Behind the blanket, t he s hield composition and thickness ar e to be fixed 
by the limit on the radiation to t he magnets. This limit which i s set by con­
straints to be discussed later fixes the attenuat ion thst must be achieved at 
t he least cost to t he system . Iron , or in the non-magnetic case , s t ainless 
steel, at tenuated the 14 MeV neutrons most rapidly and a llows the small est 
magnets. This shoul d ac tually be a mixture of stainless s teel and boron carbide 
to insure s ui t able attenuation of the lowe r ener gy neutrons . However , the 
high fabrication costs for steel indicates a shield consisting partly of 'lead 
may be op timal, because the low cos t of the lead more than offsets t he increased 
cost of t he magnets due to sli ght increase in the shield thickness. The amount 
of lead is severely restricted since the shield in part consists of the steel 
necessary to support the magnet s tructure, which cannot be dive r ted to another use . 

Magnets 
The magnets are subjected to a number of radiation, stress, and super­

conducting limits . The most obvi ous constraint is that of not exceeding the 
critical current density as in all superconducting magnets. To insure reliable 
operation, it is also necessary to provide s tabilization against thermal fluctuations 
by providing an alternative flow path for t he current. This s tabilizer is 
usually copper. The radiation l imits must consider damage effects to the super­
conductor , insulation . stabilizer and the energy load to the cryogenic refrigeration 
system. The most serious damage problem is in t he stabilizer but proper des i gn 
can allow for the expected resistivity changes . The actual limit seems to be 
the refrigeration load and is thus basica lly an economic one. The normal thermal 
l osses from t he magnet cr yogenic system from radiation and leakage is one of the 
order of 5 Kw. However , in order to c ool t he system down i n an acceptable time 
(30 days seems a practical maximum) the ref rigeration capacity must be about 
15 Kw . Thus , without incr easing the capital investment and for an ac~eptable 
operating cost, the radiation load to t he magnets can be set at 10 Kw. For our 
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5,000 MWth plant, this requires an energy attenuation of 5 x 105 in the combined 
blanket and shield. 

TIle main feature of the magnets is the amount of structural steel necessary 
to support the induced stresses . These are so large that the principal cost 
of the reactor is the magnet structural costs. The superconductor costs are 
expected to be minor. Costs have been made as small as possible by elongating 
the plasma and using a constant tension configuration over as much of the 
toroidal windings as possible. In spite of this. the cost of the magnets is 
expected to be the largest contribution to total costs. 

Summary 
The system parameters for the reactor determined as described above are 

given in Table I. The considerations used as a basis are primarily technical. 
While costs have not been ignored, no attempt has been made to be systematic 
with regard to the economics. 

Acknowledgement 
The reactor designed is the work of our feasibility study team and the 

authors have simply summarized their efforts. 

Dimensioos 
Major radius - 13 meters 
Plasma minor radius - 5.0 meters 
First wall minor radius - 5.5 meters 

Plasma 
----q-;-l. 75 

Bp - lA, A - 2.6 
Ti - 13.5 seconds 
Ti = 12.6 Kev - unstable 
ni 0.98 x 1020/m3 
Fractional burn up - 7.8% 

Blanket and Shield 

Power 
----S:Ooo MW th 

0.779 MW/m3 average 
Wall Loading 2 

Neutron 1 MW/m 2 
Bremsstrahlung 0.211 MW/m 
Synchrotron .002 MW/m2 22 
Fuel loss rate 2.1 x 10 ions/sec 

First Wall Thickness (316 Stainless 
Primary cooling and breeding region 

Steel) 2.5 mm 

95% lithium. 5% stainless steel 
Stainless steel ref lector 
Secondary cooling and breeding region 
Shield stainless steel inner wall 
Successive 5 cm regions of alternating 
B

4
C (90% theoretical density) and lead 

B4 C 
Lead 

Outer Shield wall and dewar support 

50 
la 

5 

cm 
cm 
cm 

5 cm 

25 cm 
20 cm 

structure (stainless steel) 25 cm 
Magnets 

1.25 m thick by 2.65 m wide 
Total Mass 31.2 x 1061bs. of which 22.7 x 1061bs. is stainless steel 

7 . 66 x 1061bs. is copper 
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EVIDENCE FOR A BRBAD AND UNIFORN NEUTRON-PRODUCING 

PLASMA COLUMN IN THE PLASMA FOCUS 

Joint European Programme on Plasma Focus 

P.D. Morgan<*'+). N.J. Peacock 
The Culham Laboratory. Ab i ngdon, Berks., U.K. 

P. Cloth, H. Conrads 
IPP-lRE, Ass. EURATOM-KFA, JUlich , tFRG. 

Ch. Maisonnier. F . Pccarc lla, J ,P. Rage r, M. Samuelli 
Laboratori Gas Ionizzati (Ass. EURATOM-CNEN ), Frascati , Italy 

In the main paper evidence was presented to support a broad and un i f orm 

plasma column in the Plasma Focus device at t he time of ma ximum ncutron emi s sion. 

This supplementary pape r reports f urther elec tron density and sof t x-ray 

measurements. 

DENSITY MEASUREMENTS 

The experimental arrangement was as described in the main paper . 

In Fig.i , a composite sequence of interferograms i s shown , toge the r with 

typical neutron and soft x-ray s i gna l S. The times du ring the discharge at which 

the interferograms were obtained are ind icated on the neutron signal. 

The first frame occurred late in the collapse phase , before the peak of the 

firs t neutron pulse . At this stage the co llapsing current-sheet is cylindrical 

in nature and does not have the obl i que profile character i s ti c of t he collapse 

at ear lie r times . The plasma co l umn i s ~ 1.6 cm in diameter and ~ 2.6 cm in 

axial extent. Frame 2 corresponds to the t ime of occurrence of the dense pinch 

a t approximately the peak of the first neutron pulse. The fringes in tais frame 

cannot be resolved since the magnifi ca tion of the camera was chosen primarily 

to study the l ow-densi ty plasma resulting from the break-up of the pinch. 

However, it is clear that the pinch is a thin filament of diameter ~ D. 3 cm and 

of l ength ~ 2 . 5 cm. The t hird frame occurred during the diffuse-pinch phase at 

the peak o f t he second neutron pu l se. The plasma has the approximate f orm of 

a cylinder of diameter ~ 4 cm . 

Fringe-shift profiles obta ined from th p.; interferograms were used t o derive 

radia l, e l ectron-densi ty di stributions as described in the ma in paper. Fig .2 

s hows two such profiles obtained f rom frames 1 and 3 of Fig.l, r espect ive ly . 

Profile I, obtained during the collapse,shows a l owe r e l ectron dens ity on 

(*) Royal Ho lloway College (London) 
(+) Supported by USAF under co nt r act F.44620-71-C-OD98 
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axis than towards tbe edge of the 

plasma co lumn due to the collaps­

ing shock not yet having r ea ched 

the axis . The peak electron density 

is ~ 2 x 1018 cm- 3 . The second, 

radial profile, obtained at t he 

maximum of the second neutron 

2·0 

1.5 

pulse , shows that the plasma column NE;xlO18 

is, to a first app roxi mation, of (cm-3 ) 

constant density with a sharp 

boundary . A peak electron density 

of ~ 3.2 x '0'7 cm-3 i, found. 

The line density in the plasma 

column may be obtained by integrat­

ing the radial, electron- density 

profile , i.e. 

2n J Rne<r)r dr • 
o 

N 
e 

The value of the line density 

1.0 

0.5 

evaluated from the data in Fi g.2 

and from interferograms t aken at 

other times over a number of disc 

charges was found to be remarkably 

constant, ~ 2.6 x 1018 cm- I . Using 

01L---~~~--~~~ 
1.0 ·0 

the experimental observation of constqnt l ine density, the average density in the 
- 19 -3 pinch (Fig.l - frame 2) is ne: 3.6 x 10 cm • 

X-RAY STUDIES 

A s pace-reso lved study of the soft x-ray emission from the plasma, as detec­

ted by Si surface barrier detectors through filters of different thickness [ 1] . 

has s hown the existence of a very soft component simultaneous in time with the 

first neutron pulse, a in Fig.l. The electron temper ature using filter­

absorpt ion techniques is found to be be l ow the I keY thresho ld of the detecting 

system, fo r the plasma lying between 0 . 5 and 1 cm from the anode. A second 

emission, b , can be accounted for by a plasma with an e l ectron t emperature 

ranging from 5-7 keY, sho t to sho t . This emission corresponds in time with 

features previously reported,[ 2 J. 
An interes t ing feature is that. in agreement with soft x-ray. pinhole 
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photographs [2], the x-ray emitting region is of length 1-1.5 c~, while from 

interferometry the dense pinch is ~ 2.5 cm in length, Fig.!. At a later time, 

a burst of harder x-rays, c, is observed, the integrated spectrum of which 

(with respect to absorber thickness) cannot be readily matched to a pure 

bremsstrahlung spectrum. 

CONCLUSIONS 

From holographic interferometry, a dense pinch of diameter ~ 0.3 cm and of 

average density ~ 3.6 x 1019 cm-J has been s hown to exist at the peak of the 

first of a series of neutron a~d soft x-ray pulses . Subsequently, the pinch is 

observed to expand as a body with the neutron emission decreasing to zero. 

However. at this time when the plasma is expanding, an electron temperature of 

5- 7 keV is est imated from x-ray studies. Finally. a second burst of neutrons is 

pr oduced, at the peak of which the plasma i s found to be a column of diameter 

~ 4 cm and average density ~ 2.3 x 1017 cm-3 These densities and plasma 

dimensions agree with the model previously proposed. [3]. 
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DECAY CF THE MJl.GIlEl'IC STRUCIURE OF IENSE PIA'3MA 

AND X-RAY AND MIc::R:MAVE EMISSICN 

W. H. Bostidc, V. Nardi, w. Prior 
Steve.ns Institute of '!echnology, Hol:oken, N. J., U.S.A. 

Pbstract. We present experinEntal data en the x - ray and miCrGlave 
emissiCll £ran dense D2-Plasma which is pro:luced in a "plasma focus" type 
of disci1al:'g=. tte oorrelatioo of the radiaticn emissicn with the fonna­
tirn and the decay of rnagnetic-plasna CElls is analyzed. A possible 
nechanism far the emissicn is outlined. 

1. X-ray data have sha,.ml that electra1 (and ion) beams are generated in­

s ire the dense plasna (pl.asrna focus; elect.rcn density Pe '" 1020 an-3) 

produred by a coaxial accelerator whim. is q::erated under standard o:::ndi­

ticrlS: applied potential 15 kV, peak electrode current ~ '" O. 7 MA., capaci­

tor bank eneIgy 5 kJ; neut.rcn yield up to 5.108 per sOOt with 8 torr· 02 

filling; hol..lCM center electrode-ancx1e-diareter 3.4 cm. 'l.'h3 electrrn mean 

velocity u
e 

('" 3-4'109 
an/s, along the discharge axis - or e lectrt:d::! axis -

z) inside a beam was det.e.t1ni.ned by the variations (with gas CClYp)Sitioo 02' 

D
2
+Ar and with Ibot.m enezgy f:) of the. intensity anisotropy IgOo/IOo '" 2-4 

(100 is alcng zr in the brensstrahlung emi.ssioo fran typical localized 

x -rC£:i sourc:es (X-IS, with linear di.Jrensic:ns r '\o O.OS-o.lmn by photrns with 

E: ..t 2 keV, as ~ en pinhole--cartera photographs t.lu:o.Jgh a Be filter 

0.05 nm thick) in the plasma and by using SCJmerfeld' s brensstrahlung 

follllUlas3. The magnetic inducticn B readles [:eak int.ensities '" 1-2 . 10
2 

rregagaussl within a X-LS by estimating B '" i (ampere) /Sr(an). VallES of the 

local e lectric cun:ent i = 1Tr2epeUe '" 3- 4 MA > ~ i.Jttlly the fcu:maticn of 

local circulati..n;J currents in the plasma (Pe was ootained fran &tetmina­

tioos of absolute x-ray intensity en X-IS photo;Jraphs ). Usually three-five 

X-IS's are fOlllEd in the axial regicn of earn discharge. In previous worlc
4 

we haw related the producticn rredlanism of the X-IS' s to particle a~le­

raticn by the inducti w fields whidl are gererated during the decay of the 

current-wath magnetic structure. In or&r to find a specific cor:relaticn 

atalg o::nfiguraticns dlanges in the CI..U'l:eJlt sheath (CS) and typical varia­

ticns in the radiaticn emissicn fran the plasra we have taken tine-resolved 

data from x-ray and microwave detectors. 

2. CBcilloscq:le (Tektrcnix 7704, rise time 2.5 ns) traces of x-ray 

scintill atioo detector (NE 102) signals sh:Jw a tilre ~oe of x-ray 

intensity peaks h : .t 2 keV) ....nich are distributed 00 a tirre interval '" 50-

100 ns starting at a tiIre t '" 20-30 ns after the first ~dt m:i.nirmJn. 
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shClY' the sane retails (FEak multiplicity and width for eadl pulse) . 

(f) The micrcwave intensity is substantially the sarre in all directicns 

('" 10 watt at peak intensity on the interval (1 ± 0.5) ~ en the solid 

angle; ). '" 3 an]. All these features of the microwave ernissicn oould be 

mrersto::xl in te.nns of magnetic-dipo1e radiation associated with the rapid 

fomation of current loops (with the magnetic dip:>l e always orthogooal to 

the z axis) during the CS axial collapse . 

4. '!he CS axial collapse can be followed. on image ccnverter (le) photo­

graphs by visible light [we have cx::rrpared le photographs of a discharge 

with schlieren and shadcwgraphs simultaneously ootained - by using a 108 

watt ruby laser - and Y.e have verified that all details en a le phot03raph 

have corresponding elerrents on schlieren and sha.dcMgraphs; sFEcifically I 

peaks of luminosity on le phot.cqraphs correspcnding t o peaks of particle 

density] . Typical cusps afPear en the CS ewn before the CS collapses on 

the discharge axis. At t=O the CS reaches the axis near the end of the 

center ele~ (the point of cx:nveIgenre of CS en the axis noves with a 

velocity u '" 3 '107 anjs - decreasing with tine - alcng the z-axis), cusps 

are enhanced and the fonnaticn of the axial pl asma colum (diarreter '" 4 nm) 

is cmp1et.ed at t '" 80-100 ns. '!he luninosity distribution in this oolum 

suggests that the colum is hollcw. 4 A "neck" with a diarreter';:; 0.5 rrm 

and a variable length, may appear at any point of the oolurm and at diffe­

rent ti.rres in different disd1al:ges (this is frequ:mUy called the secx:nd 

c:x:npressim stageS). 0J.r statistical analysis on rrany ('" 10
2

) le photo­

graphs shrus that two neighbocing cusps are frequ=ntly connected by a 

luninous pattern which defines - t03ether with the cusped oorder of the 

colmn - the boundary of a locp with a nearly circular croos-sectian (the 

luninous pattern coo.nects neightoring cusps en the 4-rrm-diarreter colum 

as \'.ell as neighboring cusps in a "neck") . 4 These three-dirrensiooal l oops 

can span a laIge azimuthal angle ll.8 ~2T1 . Plasma outflcw fran the colum 

cusps has been cbserved also by a high-speed-interferaretry sb..dy at 

I.ebedev Phys. 1. S. 'I'lv:! spacing between cusps (d ~ 3 mn) in sane disdl~ 
can be remaz:kably cx:nstant a1.cng tte oolum and in the off-axis part of 

CS (d/u '" 10 ns can give an estimate of the tiJre interval separating the 

fo:ana.tioo of b.o ccnsecuti '\.e loc.ps aleng the colurm). 

5 . By asstming that the lurrrinous pattern correspcnds to mass and current 

fl..a.vs (as it was verified for p'reviCllS stages of the disdlarge), then the 

fonnation of the loops of circulating current will decrease the az i..rrnlthal 

Be- field en a broad region far (~ 1 an) fran the axis. The corresponding 
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'!he full width at half maximnt (FWHM) of each peak is '" 10 ns. In '" 75% 

of the discharges a very hard x-ray peak (FWHM '" 5 ns) can be ooser.Jed er\. 

the sane ti.rre interval of the soft x-rays . This hard cx:npment is present 

in both D2 and "2 discharges and can cross a lead screen '" 5 an ~ck: so 

that for many photals (: .t 1-5 ~V. The NE 102 crystal thickness <'" 0.1 

nrn) is smaller than the neutral rrean-free- path in the crystal so that 

neut.rals do not ccntribute to the x-ray signal [a seccnd group of broa<E.r, 

fre.qumtly unresolved peaks (E :t 2 )reV) is ciJserwd 200-300 ns after the 

first peak sequence]. All discharges ('\t 102) shcw that statistically the 

nurrber of intensity peaks in this first sequence matches the nurt'ber of 

X-IS' 5 in the axial regicn of a discharge as it is recorded en a pinhole 

photograph (the sarre Be foil is covering film and NE 102 detector) . By 

using a oollimator pointing at different fOSi ticns along z it was 

cbserved4 
that the times at which X-IS's are flashing increase with the 

distance of X-I.S fron the anode end. Our oonclusicn based m these data 

is that the image of each X-IS 01 a photcgraph is famed by a x-ray burst 

which lasts not lcnger than '" 10 ns and that as a cx::nsequence of the high 

spare-resoluticn en our ti..ne-integrated Iilotographs a tllre-resolution '" 

10 ns is also adri.eved. 

3. Different micro,.;ave d=tectors (for 3 an and 10 an wave-lengths) have 

been used at a distance ... 20 an fran the anode end and at different orienta-. 

tiros F 700
, 800 and 1800 with respact to the z axis. A sequence of 

mic:ravave peaks with FWHM 3-10 ns is retected in each disd1.arge durif¥J the 

axial collapse of CS. The mnDer of peaks varies fran 0 up to 15. The 

follCMing prcperties of the mic.rcwave enissien are c:b;;erved: (a) All 

intensity paaks are sharp (for many peaks EWHM is cetellUined by the sccpe 

rise-tilre). (b) Usually a first group of 2-10peaks occurs en a tilre inter­

val of 20-300 ns (rrore frequently 4-8 peaks en 100-150 ns); a seocnd 9ro.JP 

of 1-3 peaks may foll.cM 100-300 ns after the end of the first group. (c) 

The tine-spacing between peaks is rather unifcmn (usually 5-30 ns); in 

sane discharges this ti..ne-spacing can be remarkably o:::nstant for many 

peaks (see Fig. ) . (d) By using two identical cetectors we have ci>served 

for each micrcMave peak the anpli. tude E I I of the e1ectric-field-cxnpcnent 

parallel to z and the anplitude E J. of the Olthcgooa! crnpcnent. with the 

retectors at 70
0 

and 800 , E ll > El. for all peaks and in all discharges 

(the t\o.Q (Etectors were calibrated and were frequently interchanged for an 

altemative pick-up of El.[ or El)' usually Ell '" Cl EL' 1 ~ Cl ~ 14 (the 

nean va!\E ~ on 35 disdlarges is ~ = 2.4). (e) Both El l and El signals 
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Fig. 1. Oscilloscope trace £ran micro­
wave detector for E , >."'3 on. Notice 
urifoxm spacin:J dt'l-l6 ns between 
pulses (sweep speed SO ns/an) . Nine 
pulses aJ:e :reoorded. In this trace 
and in sccpe traces of Fig . 2 t.inE-­
increases fron left to right. 

not~ce 4 short, 9 ~2cm peaks 

Fig.3.IC photograph by visible--­
light (S ns expos.)of the plasrra 
coltmn at t'\BO ns(with 4 cusps) . 

Fig. 2. MicrtMa~ pulses with-E, t ,>."'3 on-Ca) and x-ray pulses (b)start at 
the same time (± 10 ns) in the sane discharge. The micn:Mave pulses which 
cane at the sarre tine of tiE first group of X- I:ay pulses have usually a 
smaller anplittx3e than subsequent pulses. 'Ihe late (seccnd) grtA1p of 
micrcMave peaks i s not shown in (a). Swep speed 100 ns/on. The late (or 
seccnd) group of microwave pulses is not detected in this disdJ.arge whid1 
shows ooly the first gIOup o f small and lal:ge anplitude peaks (spread'l-300 ns). 
inductive field can acoolerate particles in the axial region with a shaIp 

increase in the local values of the electric current and o:nsequently of 

Ba near the axis. A loc:p spanning the infinitesinal (azimuthal) interval 

e , &tda will g:merate a magnetic dip:!le !!!(e ,t)de orthogalal to Z. Fbr mag­

netic-dipole radiation it is Ell > E.1. ' in any directioo close to the plane 

ort.ho;Jooa1 to z and cx:ntaining m. 'Ihe first groop of x-ray signals is 

related in ti.ma with the rearr~~t of the filarrentary 4 structure in the 

(hollCM) calurm. 'lhe coo.cave- spcxJ1 sha~ of the X-IS ' s suggests the fODlla­

lien of pl asrra cells (or toroidal vortices) with peak x-ray emissicn fron 

the cell cores. It is likely that the loops cbserved by visibl e light 1,4 

play a najor role in tiE fm::maticn process of these cells where B-field 

buildt.p in the localized cell-cores can occur at the e>:perl.ses of the f ield 

decay in brooder zegicns. Because of the delay of the large-anplitude 

microwave peaks with respect to the x - :ray emissicn. fron the calum , it 

seems possible to relate these large peaks cnly with the ~ fcmnaticn in 

the off-axis regioo of CS or with the excitatiQ'l of already existing locps 

by particle ejected in the loops during the ptqla3"ation of disturbances in 

this re;ricn. of CS. A IOOre likely possibility is miCl"CMave emission during 

the final decay of lcng-lasting cells anywhere in tre plasma. 
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Stevens Institute of Tedmoloqy , I.E.N. Galileo Ferrarl.s eollaooratiCll Program 
1. Bostick et al. :Proc. II Tcpic.c.Pulsed High- e Plasmas ,1972 ,p . ISS 
2. Bostidt et al. :Proc. V Eur. Fusicn. C.,Grencble 1972,Vo1.2,p . 239 
3. Kirkpatrlck ,Wiedman : Phys . Rev. 67,321(1945) 
4. B05tick,Nardi ,Prior: J .Plasma Phys. 8 , 7(1972) 
S. Gribov,1I:orzhavin,Krokhin,Sklizkov ,FiIipp::lv ,Filippova : Zh.El'F 15,329 (1972) 

398 



C{)IIPARlSON OF LASER-HEATED RJSION p~tA. PROPOSALSI\' 

J. W. Shearer 
University of California. Lawrence Livermore Laboratory 

Livermore, California 

In recent years, high power lasers have become an important potential tool 

for manipulating fusion plasmas. Several fusion plasma proposals involving 

laser radiation are briefly reviewed here. 

The classical col lisional absorption mean free path La for laser light in 

a hydrogen plasma can be written: 

T 3/2 N )112 
e (1 e 
~ -Ne 

" e 

(1) 

where Te is the electron temperature (eV) , A~ is the laser light wavelength in 

microns, Ne is the electron density, and Ne is the cutoff density; Ne = "If/TOA2 

where r 0 is the classical electron radius. The condition for propagation of 

light is Ne < Ne; therefore, the optimun value of density for strong absorption 

is near, but not greater than, Nc ' Fo! neodymium lasers, ).. = 1.06~J and 

Nc : 1021 ; for carbon dioxide lasers, A Z 10,6~, and Nc 1019 , These plasmas 

are dense compared to most fusion plasma proposals; the corresponding presslL ~s 

(P = ZNkT, assuming T = T.), are ~ 3 x 107 atm and ~ 3 x 105 atm. respectively. e , 

Suc:h pressures cannot be contained in stationary apparatus; this difficulty must 

be circumvented. 

The laser· pellet proposal[ll uses the inertia of the reacting plasma 

itself as containment. The plasma is proposed to be formed at extremely high 

densities (Ne : 1027) by a symmetrical implosion driven by the absorption of 

laser energy at the surface of a tiny solid deuterium· tritium (DT) sphere 

suspended in a vacuum chamber. The outer layers of the sphere are ablated, [21 

forming a high temperature plume which acts like a rocket to push the inner 

*Work performed under the auspices of the U.S. Atomic Energy Conmission. 
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layers together. It has been shcMn[3] that the Lawson criterion (for ill at a 
> 13 terrperature of 10 keV), Nl 'V 5 x 10 Cl (where Cl is the desired energy multi-

plication) can be satisfied if the laser energy input EL to tile pellet is, 

approximately: EL::: 108 a3
/E

4nZ joules where E is the overall efficiency of 

conversion of laser light energy into tile final compressed sphere, and where n 

is the ratio Ne/Ns ' where Ns is the density of solid heavy hydrogen. The 

thennonuclear reactions occur before the sphere can come apart; the vacuum 

chamber is large enough to contain the resultant "microexplosion". The time 
-12 -11 scale for the nuclear reaction would be 10 - 10 sec; the laser pulse Hidth 

would be 10-10 - 10-9 sec. 

A nine-beam laser system is being used at the Lebedev Institute[4] for 

preliminary research into the unsolved problems of this pellet proposal; single 

beam lasers are in use at many other laboratories. There are, of course, no 

problems of magnetic field containment; hOl .... ever, several new effects such as 

parametric instabilities, [5] high energy electrons, [6] and self-focusing [7] are 

under study. At present these appear to be serious problems, but the research 

is just beginning, and the laser pellet proposal has the merit of being very 

different from other fusion research. 

A more conventional proposal i s to heat a plasma in a magnetic field with 

a l ong wavelength laser at low enough densities to permit plasma contairunent 

with stationary apparatus. [8] For example, at a density of Ne ::: 3 x 1017 and a 

temperature of 104 cV, the co11isional absorption mean free path (equa. 1) is 

105 cm, which is about the length of a linear theta pinch that can satisfy the 

Lawson criterion, before the plasma streams out the ends. Such a 1 km l ong 

machine is large , but may net be lmreasonable for a fusion pOl .... er plant. The 

corresponding pressure is 'V 5,000 atmospheres, which may be achievable in a 

stationary pulsed system. The high temperature and pressure would last about 
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1 milli~ccoIlJ. Detailed cstim.1.tcs of the requireu laser energy im1ic;ttc that a 

few megajoulcs would be needed ; [8] hOl<levcr , the laser pulse length can be 

::< 10- 4 - 10- 3 sec instead of the much shor ter pulses required in the pellet 

approach . 

Megagauss magnetic fie l ds have been proposed to contain laser-heated 

plasmas. [9J [10] However, these proposals have the disadvantage th3t the magnetic 

fie ld pressure i s too great to be contained by stationary apparatus. 

One possible las~r -augmented pinch(8] is considered in detail - - lase r 

heating t o temperature of about 1 keV followed by pinch compress ion and 

confinement to r each the thcTInonuclear reaction temperature of 10 keV. In this 

exampl e the absorp tion mean f r ee path for laser light (equa. 1) at T ::: 1 keY 

and Ne ::: 1018 i s 300 an, implying that much shorter machines are possible. 

Axial losses would be reduced by using end plugs [8] .• a procedure that is 

especially effective at high densities where thennal conducti on losses are less 

serious. The laser-heated plasma bubble would be compressed to Ne = 1019 1020 

by a cold, dense plasma sheath driven by a large magnetic pinch. This cold 

sheath would be thennally insulated from the hot plasma by the magnetic field . 

The major external energy source would be a conventiona l capacitor bank or 

large induc tance to supply the pinch current; the energy of the laser should be 

rather modest in comparison. 

The lDlique capability provided by the laser is its ability to provide 

l ocalized heat ing at a prescribed position and t ime \'Iithin a plasma . No other 

heating mechanism can presently provide the required temperature profile for 

this proposed reactor. Further evaluation is in progress . 
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PROBLEMS OF THE LASER-AUGMENTED PINCH PROPOSAL*t 
J. W. Shearer 

Lawrence Li vermore Laboratory 
lfvermore, California 94550 USA 

Further eva 1 uati on of the 1 aser-augmented pi nch concept [11 has shown tha 1 
this idea/ has some serious technical problems. 

Assume a OT plasma of density No ~ io18 which has been heated by a laser to 
a temperature To ~ 1 keV. Now compress this plasma adiabatically to a density 

20 . > ( )y-, NI ' 10 ,which would heat ,t to a temperature T, '" To N/Nl ' 10 keV, 
assuming that the radiation and conduction los ses are not too severe. Accord ing 
to the Lawson criterion, N T > 1014; consequently, this compressed plasma must be 
contained for T > 10-6 sec. For plasma radii of ~ 1-10 mm, the time T corresponds 

to 102_103 sound-transit times. The plasma pressure P is ~ 3 megabars. 

Magnetic field containment of such a pressure requires a field of ~ 9 

megagauss. which cannot be contained by stationary apparatus. Possibly one 

might imagine a gigantic plasma focus machin~. whose inner electrode is hollow so 

that no material electrodes are found near the large field regions. In such an 

experiment. the containment time should be limited by the stability conditions 

for a Z_pinch.[21 For a sheet current model of this pinch. t~e growth rate y of 

the m=' i nstability is given by: [2] 

rt(Be)2 1 ] (KR)2 1 B/ 
Y = 2 ~ B

Z 
tn KI);" -, T p lfrT (1) 

for small KRp where Rp is the total pl asma radius (including the laser heated hot 

core). K is the wave number. p is the aV,erage density. and there i s a shb il izing 

field BZ' i n addition to the pinch field Bs' For a numerica l estimate. ,: hoose 

(KRp) , 0. 1, BZ
2 = 0.75 Be2, and pressure P = Be2/B •. Then, if we want the 

growth rate y to be small compared to liT. we must have a large average pinch 

density p: 

p » 10
5 

gm/cm3 
R2" p 

(2) 

Thfs is a very large density criterion, and is a serious problem. 

-Iwo-page supplement to UCRL - 74628 (referenc~ 1). 
tWork performed under the auspices of t he U. S, Atomic Energy COfJ1T1ission. 
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If one uses laser heated theta pinches, one cannot use the 3 MG magnetic 
field for containment because the co; 1s would be wrecked in one pulse. One 

might, however, consider using much lower fields to accelerate a massive cold 
sheath to compress and conta in the laser-heated plasma. However, this inerti al 
containment scheme is found to requi re average plasma densities similar to those 
just estimated for the Z-pinch. For both pinches. the size of the electrica l 

power supplies necessary to achieve the laws on criterion with such dense sheaths 
corresponds to hundreds of megajoules per meter, which i s very large. One i s 
reminded of the explos i ve experiments wi th megagauss fields,[3] [4] which have 
similar energies. 

Nevertheless, despite these diffi culties, an attempt to compress pinches 

with laser-heated cores would involve interesting plasma researc h. A longer 

wavelength pulsed laser, if available. would also be of interest for heating 

lower density plasmas. 
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RATE-EQUATION TREATMENT OF X-RAY EMISSION 
FROM LASER-PRODUCED PLASMAS 

J. Davis, G . A. Doschek, U. Feldman, B. M. Klein, D. J, Nagel, K. Whitney 

Naval R e search Laboratory, Washington, D. C. 2037 5, U . S. A. 

ABSTRACT 

Plasmas produc ed b y ~ 1 ns laser pulse s are not in ionization equilibrium. 

Hence, a rate equation treatment of the x - ray emission is being used. 

INTRODUCTION 

The coronal equilibrium model of emission from plasrnas is bas ed on the 

assumption of ionization equilibrium and e quality of collisional excitation and 

radiative decay. It predicts useful relations between relative line intensitie s 

and plasma electron temperature Te' These are us e d to extract Te value s 

from measured inte nsity ratios~[l). However. {or short laser pulses ( ;S Ins), 

there is a question of whether or not c onditions concordant with the a ssumptions 

of the co ronal model have time to be establi s he d in the plasma. 

EXPERIMENTAL 

A 3 m grazing-in"cidence grating spectrograph [l] was us e d to obtain the F 

spectrum shown in figure 1. This spectrum is fully discus sed elsewhere [3]. 

Here we focus attention on the l onge st-wavelength Li-like satellites of th e He 

lp-Is resonance lines; namely the lsl lp Zp_lslpl lDat 17.167A and the 

lsl 2p lp _ 15 2p2 lp at 17. 116 A. In ionization equilibrium, these lines s h ould 

be in the ratio 7:1 [4], but the observed ratio is near 1:1. The departure fr om 

coronal equilibrium indicates a state of transient ionization and implies that 

the rate equations must be used to compute accurately the- details of x - ray 

emission from plasmas produced by short laser pu lses . 

H-~k.I S.nel I f IX ) 
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Figure 1. F spect rum from LiF target placed at focus of 100 GW Nd:glas8 
lase r. (Entire width : l shot s , center : 4 shots .) 
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RATE EQUATION CALCULATIONS 

A non-hydrodynarrlic rate equation model (or K line emission has been con­

s tructed [5J. The absorbed laser energy heats the plaslTla. within a small volume 

(5 X 10 - 8 cm3), Conduction l osses , plus heating and ionization o f the ions , a re 

included. T he last factor, energy transfer between the electr ons and the internal 

degrees of fr eedom o f t he ions is described by a se t of rat e equati ons based on 

the levels and transitions shown in figure 2 for the case of AI. The ion nwnbe r 

densities N f.L for each sta te thus chang e in t ime according to the e quations 

dN~ '\ '\ . 
"""'(It ;:: L Will) NI)' L Nf.L ;:: NO' 

v I' 
The collisional rates all depend on the electron number density, which is de-

termined from the ionic charges ZIl via Ne = L ZIJ NJ,t ' and an the electron 

tempe rature. IJ 

I XIV RADtATl VE DECAY 

t 5, * AE!N 
4, 

Sz ___ Sz + hit 

3, n COlUSIONAL EXCITATION a IONIZATION 

2, 
Sz +. 

weE * 

t 
-- Sz +8 

IS AI XIII Sz +. Wcl 
- SZ +I +e+e 

~~=:~;==;i Sp m 3 - BODY a RADIATlVE !,P RECOMBINATION I 
oJ WCR I 

SZ+!+e +e_Sz+e I 
t w·· Sz +! +e - Sz+hlt 

TRANSITION X[A] NAME 

I. 5p-IS 5.6 1.18 x lO" H, 
2. 4p __ IS 5.8 3.65 x lO" Hr AI XI 
3. 3p-IS 6 .1 1.59 lld2 H. 
4. 2p-IS 7.2 1.34 x 1013 Ho 
5. 5p-IS 6.2 1.9 xlOl2 H" 
6. 4p-tS 6.3 3.2 x 1012 H'r 
7. 3p--IS 6.6 7.7 x 1012 H,. 
8. 2p-IS 7.8 2.8xld3 H,o 

Figure 2. Levels, transitions and rate s for At. 

Use of the rate equation model yield s relative spectra and total line inte n s i­

ties in good agreement with expe r iment (figure 1, of reference 2) . This approach 

is being extended to other atolTlic species, s u ch as F shown in figure 1. 
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INVESTIGATION OF LASER-PRODUCED PLASMA 

ON "IfiSHEN" DEVICES 

V.V.Alexandrov, E.P.Velikhov, A.G.Ka11g1n, N.G.Kieelev, N.G.Kovalsky, 
V.V.Korobkin, P.P.Pashinin, K.I.Pergament, A.M.ProkhoroT, 

A.I.Yaroslaveq 

I.V.Kurohatov Institute of Atomic Energy, Moscow, USSR 
P.N.Lebedev Physical Institute, MOSCOW, USSR 

Abstract; The results of the apectr1scop1c investigations in experi-

menta with laser-produced plaemas are presented. Intense I1n~with 

frequencies 2 w~ and 3/2 &)" were observed when a lid- glass laser 

(frequency tJ,,) radiation was focused onto the solid targets. !"or LiD 

and (CD2)n targets neutron yields were .assured. Preliminary data 

on interaction of neec laB er pulses with a dense plasma in strong 

magnetic fields are reported. 

rO . The aim of the experiments performed OD ~Bhen· devices 1s 

to investigate the interaction of powerful laser radiation with 

high temperature dense plasmas in a wide range of conditions includ­

ing the irradiation of Bolid targets in strong magnetic fields up 

to I Moe. The experimental arrangement is BC6tched in lig.I. The 

Nd-glasa laser systea ~shen In consists of a single-mode oscilla­

tor Q-ewitched by means ot a Pockells cell, a 'last optical shutter, 

which shapes laser pulses, and six amplifiers enhancing ~ha 

energy level of the pulse up to r-J 100 .h It. f"ractlon ot the laser 

emission is used to trigger a spark-gap switch which contro18 the 

shutter. 
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Fig.I. PM - Photomultiplier, PD - Photodiod, 1,2,3.4,5-

amplifiers, 6 - passive shutter, 7 - foousing lens, 

8 - magnetio ooil, 9 - target. 

• 

Half-peak duration of the laser pulses is oontrollable between . 
o 

six and twenty five nsec and rise time is less than one nseo. The 

diameter of the output aperture is 45 mm, the beam divergenoe - less 

than 2.IO- 3rad. and the dynamic contrast ratio is about IOJ. The 

further development of the laser system deecribed above led to 

"Mishen 11 " device in which large rectangular croBs-seotion active 

;lements are used in the last applifiers [I] • T~B devioe hns been 

just arranged and tested.Aa a result, the predicted energy of the 

6 nseo laser pulse has been aohieved rv I03j. 

2: The main results presented in tbis report were obtained on 

the "Mishen pI device when maseive AI, LiD ana (CD2)n targets were 

illuminated vdth the l aser light in a vacuum. The experimente was 

carried out in the energy range from 10 j to )0 j for 6 nsec and 

20 neec laser pulses. The beam wss focused onto the plane surface 
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of the targets with either f = 1.5cm or f = 15cm lenses. The pul se 

shape and total energy of the incident and reflected laser light 

were measured with fast photodloda and calorimeters . Spectral obser­

vations of the light, reflected from the plasma into the aperture 

of the focusing lens, were made using a gratlng- spectrometer with 

a mean dispersion of 20 i/mm for recording in the infrared region. 

A grating spectrometer-w1th an image amplifier for recording in the 

visible range and a monochromat or with a fast photomultiplier (the 

time resolution rv 2 nsec) were used. The proportional He3 fill~d 

counter with 5 cm thick paraffin shield was us ed for estimation of 

the total neutron yeild . 

3°. The reflection coefficient was shown to vary strongly with 

the distance between target and focusing lens. 'l'ypically ii drops 

by a fac tor of five when the target ie moved from the optimum poai­

tion to either side by 500 /'11<. (f = 15 cm lens). The maximum va­

lues of the reflection ooefficient acbieved 5 ~ 7%. The pulse shape 

of the reflected laser light nearly always follows that of the in­

cident light. 

The spectrum of the incident light in our experimental oondi­

tions consisted of a few-lines spaced rv si apart. The envelope wae 

nearly symmetrical with half-width about 40 ~. The spectrum of the 

reflected light in the experiments with massive targets (Al, LiD, 

(CD2)n) is ahifted to the red by 3 ~ and the line substructure 

d1~appeared. It should be mentioned that we eavl the eame lines in 

the reflected spectra as in the incident one when thin Al foils 

were illuminated. The distributions of the intensities among thes e 

components are however refereed relative to that in t he incident 
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spectrum (see Fig. 2). 

Spectral measurements in the visible showed the existence 

of the strong components with frequencies near 2 cJ. and )/2 cJ" 

whioh confirms observa:iions made in Limeil [2] • Our results are 

shown on Fig.2 and could be described as following: 

r,,1 JtI' 
(.nl. ",,1''':' ,. ....... 

. ~.J 

II,· .. tI ", • .,1 ... , .. ,.1 
""i. ,a ,..~ r ..... ~ 

11 •• (f .. 11 

",-, -~ ... ,,..- .. ; 

l'lI). r·,·,.'1 "",,·S. 
flit". 'If·to 

Fig.2. Results of spectral measurements. 

a). Half-width of the .econd harmonio (2 W,) is about 10 i, 
the line shape is asymmetrical with higher intensity on the red 

side. 
b). The centre of the red line is shifted relative to the exact 

poei tion ~f the )/2 (J. by 40 i to the blue side. The half-width 

of this component is aboTe ioo i and its oontour 10 .ymm.tric~ 

c). The intensity dependenco of the 2 t<J. lino on the focusing 

oonditions is much sharper than that one for tho )/2 v.b componont. 

The maxima intensities of the lines oorresponds to the different 
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positions of the target relative to the focusing l ,ens. The results 

of the spectral measurements for different type of targets coincide 

within ·the experimental errors. The spectrogramma obtained with 

spatial resolution in the transverse to the incident beam direction 

.howed thBt light emi •• ion at the frequencie. 2~ and 3/2tV"came 

from different plasma regions. 

d). Time variation of the second harmonic intensity follows 

thBt on. of the incident pulse. 

When LiD and polyetbylene targets were used the total neutron 

yields were also controlled along with spectral measurements o Neut­

ron yield about 2 • 3 • 103 neutrons per shot was detected simulta­

neously with the second harmonic signal. 

The data obtained in our experiments definitely indicate the 

existence of the nonllnear effects in laser-plasma interaction at 

light flux densities above 1012w/cm2• 

A0kn0wledgement. The authors ' are~pleased to express their sincere 
I!"r""""""""""""" 
gratitude to V.Zotov and V.Saveliev for assistence during these 

experiments. 
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HICH-TEMPERATURE PLASMA PRODUCTION BY IlEANS OF LASER 

PULSES OF SUBNANOCECOND WIDTH 

V.D.Ojatlov, A.D.Starikov, V.A.Serebrjakov, 
V.J.Kryzhanovski, Ju.I.Dymashlts, R.N.Medvedev, 

A.N.Popytaev, V.N.Sizov 
(USSR) 

Interaction of sbort light pulses with LiD target has been 
investigated. The yield of fast neutrons I"V r06 per spark. 

Experiments have been made on the interaction of short light pul­

ses with LiD target. Light bursts with l3.4).rO-I05eo duration were 

formed by a 3-line powerful neodirolum glass laser /1/. 'rhe final 

stages had 60 mm aperture and could deliver 200.300 joules with 

beams divergency (at half energy level) not more than 3.10-4 rad. 

'rbe outputs Viere focused onto a solid target either by spherical 

single lenses (90 mm aperture, f • 233 mm) or by 3-lenses objecti­

ves (f _ 60 mm; 1:0,9) with subsidiary beam - preconverging l enses 

(;fig. I). 

LiD crystals of 1+3 mm were mounted inside the vacuum chamber on 

the revolving disc with 10 positions that allowed to expose one or 

another target without vacuum disturbance . Two-stage vacuum systea 

pumped out the chamber to (1.2).10-4 mm Hg. To control the position 

of pellet with respect to focal spot we used a He-Na laser provided 

an accouracy of DO more than 5 t'm.. The intenai t,. of incident light 

as well as scattered one was recorded by means of hign speed elec­

tronic set with time resolution of 30 pesc. Spectrography samples 
o 

(fig.2) were taken by ~O A/mm spectrograph for scattered light in 

vicinity of first and second harmonics. 

FDr measuring neutron yield three methods were employed: acti­

vated blocks, plastiC scintillator and thick pbotoemulsioos. The 
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Hig.I. Schematic drawing of experimental apparatus: 
I - laser oscillator. 2 - amplifier rods; 3 - target; 
4 - calorimeter. 5 - neutron detector; 6 - X-ray 
detector, ? - high speed electronic set, 8 - tracing 
laser, 9 - detector of tracing laser, 10 - prisms 

F1g .2. Tracing laser signal - upper beam, photodiode 
si gnal - lower beam 
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block being situated at the }5 cm distance from the target was able 

to count 105 nO/4~ . For calibration overall sensitivity of this de­

tector we used .Pu- d. -He source. Another method was performed by 

coupling plastic sclotillator {p - terphenyl io polystyrene + popop 

~ 80 mm H • eo mm) to photomultlplier with 102 nO/4I detection when 

arranged in vacuum chamber . ~oviaion was made to protect the detec­

tor from hard X rays and electromagnetic fields. Nuclear emulsions 

calibrated by "coBlllic stars" could trace 104 nO /4X quite near the 

target. Neutron yield measured by these methoda was in good agree­

ment In the range at aacuracy methods used. 

To evaluste electron temperature we employed techniques described 

elsewhere /2/. &lumiaua absorbers 20.10-3 g/cm2 and 40 . 10-3 &lcm2 

w1th plastic phospors satting in vacuum ch(J.llber were used. They 

were coupled to detectors by flexible light guides. Integrated on 

hotplaSlla-tlme-of-Ufe electron temperature was foung to be I.~ key. 

The effect of background irradiation on the neutron yield waa 

.tudled. It was found that maximum. adaitted background energy at 

which the neutron yield had a detectable counts amounted to 5.10-3 

joules. Here no dense vapour cloud was observed near the target 

(fig.2) • 

The pulse to background energy ratio was not le 8S than 104 and 

was provided by two Pokkels cells in oscillator and three dyed fil­

ters in each a.p11fier llne. When only one line of aaplltier8 was 

used we registered the neutron yield 3.105 nO/I+':£ while operat1oll 

ot all three lines gave us lOG nO /4I . 
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Fig.}. Incident and scatterd intena1t7· 
1 di Tision 50 pseo 

F1g.4. Neutron detector pul .. 
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Sn:ILARITY EQUATl mS OF CCI'!CENTRIC LASER C(J.!PRESSrctl 

AND FUS I Cl'! OF PLASMA 

S.Kaliski 

\'/AT - Warsaw 

Summary 

The deriving of similarity equations of l aser plasma compression, 
taking the thermal wave front and fusion energy re covery into acco­
unt, was presented in this paper. Basing on the dynamics of bodies 
with variable mass the model of the Fermi liquid was assumed for the 
centr a l part of D-T sphere, while for the external layer, determined 
by the thermal wave front, model of two-temperature ideal gas, was in­

troduced. The numerical results give global evaluations, near the 
strict one8 . 
1. IntrOductions. 

In the author's work [1] - [4]were presented the constructions an 
and solutions of averaged equations of the laser concentric plasma COM­

pression, taking the fusion ener gy recovery into account. These metrods 
enable us to obtain Bome rough integral appraisals, considerably dif­
ferent from the numerical, strict approaches [5J • [6] • A certain evo­
lution of averaged equations gives the integral similarity descrip-
t ion [7] • [8] • 

A further, more thorough study on similarity descriptions is gi­
ven by the equations, basing on the average description, but separa­
ting the thermal wave front. The D-T sphere, subjected to a concent­
ric laser pulee can be divided into two regions: the internal sphere, 
described by one-temperature model of the Fermi liquid and the exter­
nal layer, comprised by the thermal wave front and undergoing the ex­
pansion. The external layer is described by the averaged model of two­
temper ature ideal gas. Both the sphere and layer are the system with 
variable reduced mass. The constructions of above mentioned equati­
one is the aim of the present paper. In works ( 9) , [1 0J a further evo­
lution of this model has been proposed allowing us, on the ground of 
averaged descriptions, t o take into consideration the structures of 
both thermal and ahock wave fronts . 

The solution of equations and quantitative anal yses are given , 
for the lack of place, in a separate elaboration. 
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m-
ds 

0-

J-

2. The scheme of system 

In f i g, 1 and 2 was indicated a scheme of system and assumed the 
distribution of velocities in t he central sphere Bnd external layer 
with variable region boundaries and various models of both media • 

. R. R 
78; 71 Ro Ro 

outside 
lager 

-Po 

Fi~1 Fiq.2 
The value c(t) i8 determined by explicit approximat e formulae on the 
ground of (111 • The s implified schemes of laser radiation absorption 
in external layer, discussion on t~e effects of bre~tratblung, li­
near .and recombination radiation can be found in above mentioned pa-
pers, 

Denotation for the sphere wa~ assumed: . r. 
x=!:,..=:';' 

R l?C 
and for external layer: . ' . 

X _ ~c-~C _ ~ - ~ 
(2.2) 

Ro-1Ie Ro-R 

where: • • t 
R=Rc-c R=Rc-f,c(t.)dt. 

3. Equations of the problem 

).1. The central part equation of D-T sphere. 
Assuming for the integral similarity model 

(3.1) p(x,t)=Pc(t)f(x)i 11(x,t)=nc(t)f(x)i p(x,t)=Pc(l)f(x) i T=T(t) 
and expression for energy and pressure for the degenerate Permits 
gas 

(3.2) 

E=.lNE ~(3N)2hR-2+ 55f
2(1..)2(4lf)2/lRZr2] 

5 r1'41f 12 Er 3N 

p(x,t)= Pc(t )[(x)= tErn 5/3 [1+ 1H ~ ~)2 11-
4
/3 ] 

where E = 1;2 (3jf2) 2/3 
r 2m 
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we can write the equations of momentum and energy conservation for 
a body with variable mass (the equation of energy conservation re­
quires modification in relation to classical approaches) in the 
following form 

lAE rC(.1!.. )5/3 R-J + 5lr~(1. )2(.l!. )'13 L RT2] = 
5 re 4'ifD 12 Er 41D 

whereas we determine f(x) according to the known f ormulae. 
In equations ().)), ().4) ~ - denotes Bremestr ahlung, Q(T,R)­

characterizes the fusion energy recovery (see formulae in (1J - [4J) 
For C we have the approximate expression (we writ e it for shorte­
ning the formulae for q~ CODet, where q ~ intensity of laser rB-

ration) 14jfc 'I T. 5/'r. 
( ) c- 0 e 
3. 6 - (14"0 Te'1t + ) , 

In equation. (). ) ), ().4), () . 5) the parameters of external lay­
er Te' Ti and Ra appear. 

3.2. Equations of external layer 

For the external layer, employing the equations for two- tempe­
rature ideal gas, with the distribution of velocities like in fig.2, 
and assuming f(x) ~ conet, we obtain on the ground of dynamics 
equations of the body with variable mass: 
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2' _ 2 ' ) + .. ) • dMr _ d(MrV,) 

4j( Ro Ra R Rc k(n o,Tq 1l0t Tt +-Rc1tsdt -Its dt 

f k~(N, T,) + B( =-knoe Te4:iT(I?~ Ra -R2 Rcl-
(31) 3 T,-Tt dMr( ' It, -2 k Np T -'1/ e dt Rc - '2 ) 'ITs + Cl (! ) 

*k~(NiTi) =-knOiTi 4jf(R~ Ro-R2RcHkNe \Ti_'I)i d~r(Rc-~)V, 

The system 

reduced mass in relation to the point Rs 
bremsstrshlung ot the layer 

T T N "l 'f).~_e_. ~. 'T]=-V 
e I" Tp + Ti I Te + Ti I 

ot equations (3.3) . (3.4). (3.6) and (3 .7) is a .y.-
t.m ot 6 equations ot the problem in relation to the unknowns Ro' 
R. T. Te' Ti • C. To the system ere added the initial conditions 
that we do not write down~ 

4. The end remarks 

The equations above t ormulated enable us. in average approxi­
mation tor the 81m1larity model . to describe the proces s of plas­
ma compression and fusion energy recovery. The numerical results 
tor initial R ot order 0.04 cm and IBBer pulse energy of order 
5 kJ give the oaapression 103< K <'1 04 GM a positive energy recovery. 
!he laser pulse energy may be roduced by applting erplosive precam­

prel!lsing. 

Literature: 
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[6) K • .I..Bruckner UC San D1ego 1972. 
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PLASMA HEATING WITH A RELATIVIS TIC ELECTRON BEAM 

P. Korn, F. Sandel and C. Wharton+ ) 

Carnell Univ e rs ity. Ithaca, N.Y . , U. S. A. 

ADDITIONAL RESULTS SINCE APRIL 2 5 , 1973 

Ion hea ting was measured with a 4-channel energy analyzer 
for fast neutral atoms arising from charge exchange. A background 
of krypton provided the target gas for charge exchange . Both 
momen t um and energy analysis were , obtained by magnetic and electro­
static deflection. The analyzer can observe fluxes at 4 angles, 
but data reported here were at 90 0 to the magnetic field . For 
turbulent heating we found that the ion heating was nearly iso­
tropic. 

Th e ion energy distribu ti on s f or d i r ec t turbule nt h eating 
a nd for h eat i ng with the relativi s t ic e lectron beam were nearly 
identica l , e xcept that the high energy tail is accentuated by 
beam heating. The curves shown in the figure were normalized t o 
9 2 5 e V; actually the REB curve lies well above the TH curve. 
Diamagnetic signals f o r the two cases looked qualitatively alike, 
but the REB s i gnal was twice as large. The distribution is not 
Maxwellian, but ~ore ne~rly follows an inverse power law, at 
levels up to 101 ev/ cm . At higher energy-densities the tail 
becomes accentuated. 

Transfer efficiences from stored energy to nkT~ for direct 
turbulent heating were 3 to 6 %. for the RES we ach1eved up to 
15 %. The efficiency was a strong function of the electron diode 
impedance, since maximum current density was obtained when the 
diode and energy storage line impedances were ma tched. For a 
foil-less diode the impedance was matched only when the proper 
pla sma density was allowed in the anode c y linder ; too high a 
d ensity caused a short-circuit (c l o s ure) and t o o low a density 
gave a high impedance . 

In further experiments we have found that injecting the 
beam into an already turbulent plasma greatly enhances the 
heating efficiency, presumably becaf~e the return-current is 
damped by the anomalous collisions. } 
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Ion energy distribution in 8 x l013 cm-3 plasma from neutral atom analysis. TH: 
d~rect turbulent heating, W~ - 6 joules. RES: E-beam heating, 5 cm diameter 
carbon cathode, 10 cm long foil-less anode cylinder with 6 mm. gap , WJ. - 12 joules. 
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MEASUR EHEN TS OF TH E L IN EAR AND NO NLIN EAR STAGE OF THE 

BEAM-PLASMA INSTABILITY. 

R. Aymar, H. Bohmer, F . Koechlin 

ASS()(} ·' TfU .V [ UII ATO.lI -U : ·1 sun lA H ISIO V 

')(;,,,, rl"III (, II' ti t· "hy .<llf l'" till /,/",<",,, ", ,If' /" 1"" " ;,,1/ C",,, rr,{f'(' 
C(,III f!' ,r 1~'IUlh'" V'W";";("< 

11";,,, I'"_. /,,/, , /, 0 ft, ')22011 H}\'n:Y 'I )' - 'IL" - 'l OSf~·S ( ru ,/ 'VCF. ) 

An electr on beam is injected into th e afterglow pl a sma of a 

pulsed P.I.G. discharge, immersed in an uniform magnetic field of 2800 

Gauss. The pla s ma diameter is 5 c m, the length is variable from I SO to 

230 cm. At the time the electron beam is pu l sed, the av e rage pl a sma 

density, measured with a mic rowa v e int e rferometer, is in the range 10
10 

- 2 x 1011 c m- 3 , the e le c tron t e mperat u re, obtained wi t h a Langmuir probe, 

is 0.75 ± 0.25 eV. Therefore, the rati o of electron co lli sion to plasm a 

frequen cy i s 10 - 3 , s o that coll i s ions c an be neglected in the dispers i on 

relation for the hydrodynamic beam-plasma instability. The radial elec­

tron density profi l e , also measured by a Langmuir probe, is used to 

ca lculate the plasma bran c h of the dispersion relation, for 

w /w >2.5»\. 
ce pe 

The electron beam energy i s 6.5 keY, with an initially 

narrow energy distribution (AE/E~ I % ), its diameter is 0.8 cm, and the 

pulse duration is 15 ~sec. The ratio of beam denaity t o p lasma electr · n 

density is <5 x 10- 3 . 

The unstable plasma waves excited by the beam are observed with 

capacitive probes followed by a narrow band amplifier and a gated inte­

gr ator. Also, with an 8 mm microwave acattering system both frequency 

and wave vector spectra of the uns tab le waves can be measured L 7. 
Good agreement is found between both diagnosti cs when the plasma density 

is varied and the received frequency w k ept const ant, at lea st f~r the 

first radial mode, as shown in fig . I. If the plasma de n sity in the cen­

ter of the column is assumed to be twice the average density, then there 

LS good ag r eemen t between the value of density at resonance and the cal­

culated dispersion relation. 
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1 

~: Measurements a t 
2.6 GHz and i b -7 0mA. 
I} Sca tter e d power ve r­
s us average electron 
den si ty at d = IOOcm f r om 
the e lectron gun 
k -3 .4cm- l . 
2)'Capacitive probe si­
gnal,radia l position 
r"'16mm d .. 70cm. 
3) Same as 2. e xce pt 
r -2 Imm. 

~: Scatter e d power 
a s a fun ct ion of 
distance along the 
beam. ib =70 mA. 

~ "" 30 ·Volts. max 
£ - 2.6 GHz. k/l"'3 .4cm- 1 

In fig.1, the sca tt ered spectr u m is measured 

at ko=w/Vb'B/B ; the sc attered power indeed is 

peaked at this value, as shown i n fi g .3(dashed 

curve; the width is given by the resol uti on}. 

The spatial g rowth rate of the instability 

has been measured, using probes, between 20 

cm and 70 cm from 

found to be '" O. I 

the electr on gun . It was 
-I 

cm for i
p

""70mA'Thisvalue 

is in a greement with the theoretica l growth 

rate f or the hydrodynamic instabi lity as gi­

v en by O' Neil and Malmberg L-2_1. taking 

into account th e radia l density prof ile of 

the plasma and the ratio of beam radius to 

plasma r adius L-3 _1 . Un stable wave satura­

tion and decay are observed wit h probes as 

well as wi t h microwav e sca ttering as shown in 

fig. 2 . 

80 120 
d [cm] 

FIG . 2 -

,--~, --

140 

In fig. 3 t he kll spectrum of the unstable wa ves is show n in tw o 

diff e rent regime s in the exponential growth (linear) region, the 

measured width is exa~tly the instrumenta l width ; in the nonlinear 
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decay r egion, the measured spectrum is considerably exte n ded tow ards 

higher kll vectors, although the scattered freq u ency is maintained 

co n s t ant. This proves th e existence of waves with phase velocities 

much smaller than the initial beam velocity: 0.4 < V /V <I. A scat-
ph b 

t ering measurement of the perpendicular wave vector sh ows that t he 

un stab l e mode i s axisymmetric with a diameter of ~3c m. in agreement 

with radial pr obe measurements (fig.l).In the saturation and decay 

r-..,---,---=",----~-,-~-,-~-,r-__, r e g i me, the beam ve l 0 c i t Y d i 5-
Iql21 ~ 

'\\ tributi on is found to spread 
: I 
I I considerably, primarily toward s 

, , s maller velocities. For example, 

./M \. \. .. 
, I '\ 

I \ 11 

I, ~ 
\ '-11 

kO "', ~ 11 
\ R ~M_ 

for i
b

;70mA, E-6.5 keV and at 

, 

a distance d '" 150 cm, th e e ner ­

gy sprea d ~E is 2 keV and the 

average e n ergy 5.7 keV. Ther e ­

fore, one can assume that the 

e nl arged kll spectr um interacts 

L--"---!2----"-~4e--"---6±---~~8c-~--·1~o----"resonant l Y wit h the enlarged 

kU (crn-1 ) beam distribu ti o n function. 

!i..&.;2. : Scattered power at f= 2.6 GHz 
as a function of k/

I
•. .. 

-------- . " at p01nt A 10 f 1g.2 

x at point B in £ig .2 

The fluc tu ating density and po t en ti al of the plasma wave can 

be estima ted by u s in g the absolute calibration of the microwave scat­

ter i ng system . At the saturation level of fi8 . 2, the fluctuat i ng density is 

2 ± 0.5. 10
8

c m-
3 

(integra t ed over th e system re so luti on Ak and Awl 

th i s corres pond s to a fluctua t ing potential of 30 ± 10 V and an elec -

tric field of 110 ± 30 V/cm. This po tential is of th e order o f the 

threshold fo r trapping of beam electron s in the hydrodynamicaly u n '­

stab l e wave l-4_7 . It also is coherent with the measured width of the 

b eam energy distribution as given by a . trapped particles model 

6E/E ~ 4(e 4l/E ) 1/2 . However, there is no evide n ce for particle 

t rapping in this e xperiment . 
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One can also explain the observed spread in the beam velocity 

distribution fun c tion using a model by Tsytovich L 5_' ; it considers 

the velocity space diffusion o,f the beam electrons which are resonant 

with one wing of the finite width (~Yk) wave spectrum in the linear 

regime. After a modification of Tsytovich's expression for finite 

beam and plasma, one obtains an energy spread of ~600 eV in the labo­

ratory frame, using a potential of 20 yolt s. This model ob viou s ly has to be 

modified when the linear hydrodyna~ic dispersion relation is no longer 

valid {-2_/, and can on ly explain an initial wid en in g of the b ea m 

dis tributi on . 
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Electromagnetic Instabilities, Filamentation and Self-Focussing of a 

Relativistic Electron Beam, Martin Lampe and Roswell E. Lee, 

Naval Research Laboratory, Washington, D. C., 20375 , U. s. A. 

Abstract: We report on theoretical and canputer simulation studies of the 

Weibel or "pinch" instability of a relativistic electron beam propagating in 

a pla&ma. The instability produces beam filamentation, expulsion of the 

return current, and finally, recombination of filaments into a single beam, 

self-focussed to the background plasma density. 

We study a system cons isting of beam electrons, counterstreaming plasma 

electrons, and an i.mnobile neutralizing ion background. Both beam and plaS!JA 

are initialLy homogeneous and infinite in extent. The computer simulation 

code is relativistic, fully electromagnetic, has periodic boundary conditions, 

and is two-dimensional in the sense that Sl'latial variations are permitted only 

in the plane ~erpendicular to initial streaming. Thus electrostatic two-stream 

instability is ruled out , but purely growing electromagnetic instability occurs, 

for wave vectors k perpendicular to streaming. The lines.r growth rate is given 

by 62 = I'l, 2y-l(v/c)2(l+Wp 2/k,%2)-1_(rVy)2, for the case of a cold, weak beam. 

stabilization thus occurs if Bz is so large that ne ;;, y-/2~v/c. Also, 6 falls 

off if the transverse beam thermal energy exceeds < p 2 > /p 2 ;;, n./n y. 
l. Z 0 P 

We have simulated and studied in detail a variety of cases: (la)' Weak. beam 

(V~ = 9), Y = 2.5, Bz = 0, beam and plasma cold; (lb) n/~ = 9, Bz = 0, beam 

warm « p 2 ';JJ./2/p =0.14); (le) n In. =9, B :fa, n =0.4 w, beam and plasma 
.i z po z e p 

cold; (2) strong beam (np = ~), B
z 

= 0, beam and plasma cold. Although th.e 

linear behavior varies widely among these cases , we find that (provided that 

linear instability exists at all) the final non-linear state is very similar 

in all cases. Tbe principal features of the development are as follows. 

furing the initial stage, many unstable modes grow, in good agreement with 

linear theory. The instabili~y spatially modulates the density of each electron 

speCies, in such a way that the beam electrons separate from the plasma electrons, 

but the total electron denSity remains nearly uniform, so as to preserve electro­

static neutrality. If ~ «~ initially, the beam breaks into many distinct 
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narrow fil8l!ents. Each beam filament is ccmpressed , by its self magnetic 

field, until its density reaches that of the backgrOWld i ons. At this point, 

the plasma electr ons are totally excluded from each filament, rurther compression 

is prevp.nted by the (approximate) requirement of electrostatic neutrality, and 

the linear stage ends. The magnetic energy at this point can be estimated, for 

each choice of parameters, from the f ilament separation, whi ch is of the order 

of the dominant linear wavelength. However, the filaments are mutually attr ac­

ting through (plasma-shielded) magnetic forces, so that during the nonlinear 

stage, they coalesce (over a period few X 102wp -1 typically) into fewer and 

fewer filaments, Finally, the beam recombines into a single current filament, 

at the density of the background plaama, and fram which the plasma electrons 

have been expelled . The magnetic energy has grown to the point where 

Brp2/Brr ~mc2y,... v/v and comparable plasma. heating also occurs. 

OUr nonll near study thus far is restricted to the caSe of an infinite 

homogeneous beam, with ef'fective v/v oS; 1 (corresponding to one box of the 

periodic system). However, we expect qualitatively similar behavior in a beam 

with finite radial profile . Recombination of filaments should be even fg-ster, 

for the :f'ollOW'ing r eas on. Since the beam electron longitudinal mass me Y far 

exceeds the plasma electron mass me' and longitudinal momentum Is conserved 

among the electrons, the plasma return current decreases much faster than the 

beam current. Thus at late times, the beam is no longer ful..l.y current neu­

tralized, even globally. This gives rise to a global self-focussing force, in 

addition to the local forces discussed above. In some of our simulations, the 

beam current i::l leJ'J8 than 50% neutralized at the end (but in a periodic 

simulatI on system, this does not produce a focus sing force) . 

Since the f inal result of the Wdbel instability is to expel the return 

current frem the beam, we may expect that this will prevent propagation of an 

(initlaJ.1.y current neutralized) beam with v/v »1, in the absence of a 

suf'ficiently strona: guide field. In fact, it may be possible to tune the 

propagation length by carefully choosing B
z

' 

Iampe and lee, p. 2 
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EXPERIMENTAL INVESTIGATIONS ON HIGH-CURRENT 
REAMS OF RELATIVISTIC ELECTRONS 

LeleRudakov, V.P~ Smirnov . E.Z.Tarumov, S~S. KingBep. 

I.V.Koba, V.D.Korol'ev, G.P.Maksimov, I.L.S1dorov, 
A.M.Spector, A.D.Suhov. 

I.V.Kurchatov Institute of Atomic Energy.Moscow.USSR 

In the last years the technique of producing h1gh~current elec­
tron beams has been intensively developed 1.2.3 • In Kurchatov Insti­
tute experimental investigations on plasma heating by high power ele­
ctron beams have been carried out using four fast pulse genera~ors. 
The parameters of these beam installations are presented in Table 1. 

GIII&l." t.'1. ;:;;. fbd" Doom Pub. 1lolt..tw: Fo\l'ftl.ng /1uuh watn 

":i~ ""'9i ""'" " ... u.. hne ~ JWih~ 
" , ,_rv} 11A) '" n 

Nlptune 2 800 .10 40 "WIlt .... ctw.tiA. .l0 on. 
,hi., cltGMrt 

MS" J .00 \0 40 wnln. &r .. m(~"c "/0 
.,.. 

"""" I """"la 

T '\~ton. i\5 500 220 )0 10Illtn OtllmC~lIt ;(25 
s~. 

conliot '"",la 

Uut 12 600 25Q 50 \I1lte'l. tOo.hQt 2.5 '"' hannd 

As follows from measurements of breakdown of deionised and de­
airated water. the strength of electric field in torming lines with 
a water insolation can reach up to 20 -25 ko/cm tor the whole elec­
trode surface equal to 104cm2 and the effective time of the order 
of 10-7 sec. The charging time ot the pulse forming lines was dec­
reased by application of low induotanoe Marx generator with oil iso­
lation ("Ural" generator) or the intermediate water capaaity ("Tri­
ton" generator). The obtained charging time was equal to O,15J<sec 
in the tirst case and less than O,10fuec in the second case. 

The fast charging ot forming lines enaurod the possibility ot 
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using "the water selfbreakdown switches. As have been shown from 
model experiments with one channel 100 le'< water switch the opti­
mum. current risetime was ~ 10 DBec for the line impedance in the 
range of 5 - 15S2. These results were con!'irmed at "Neptuneft • . The 
ourrent rlaetiae at ·UralR was about 15 n.ee at 2,5 Q impedanoe. 
The posibility of multichannel switching of a fOrming line with 
151 impedance was studied at "Triton" machine. Uasuly four channels 
f'rom six were switched and the total spark current riaetime ~ 15nsec 
was obtained. 

The influence of the plasma injected into a cathode - anode 
gap on the beam ourrent density WBS investigated in special ex­
periments. 4s 8 result the beam current density increased more 
then ten times 4. 

The beam propagation in the neutral gas was studied in the 60cm 
long drift chamber. The measured value of return current in the 
plasma produced by beam WBS in accordance with the results of nume­
rical oalculations of TaUDBend's ionisation by induced electric 
fields 5 • 

The maximum efficienoy of the beam energy propagation reached 
approximately 6~ with the air pressure being equal to 2 torr 
without the external magnetic field, and 75~ if HII-3,8 koe. 

The possibility of the beam transportation across a magnetic 
fie ld WBS studied at MUS" generator. The electron beam was injec-
ted along the cylinder filled with the air and inserted in the drift 
chamber at H~~1koe. The drift chamber was pumped out up to 10-4 

torr. The gas pressure in the cylinder varied in the range of 
0,5 - 1 torr. The cylinder was made of thin aluminium foil (the 
thickness was 1.2 10-2mm) ~d according to our idea it had to imi­

tate a plasma channel for the beam injection experiment in a clo-
sed trap. When ~he beam was deflected by the external magnetic fi­
eld and .ent out of the cylinder the return current can be closed 
in such a way that the curren~ along the cylinder would be equ-
al to the current of electrons which leaved the channel. If' the 
self magnetic field of the beam H't' wae more than 2H.L , the beam 
oould not leave the channel. The light emmited by the plasma 
produced by the beam in the magnetic field in the absence of the cyl~ 
nder ia ohown in Pig. 1a. The radius of' curvature of' the beam tra-
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jectory was roughly equal to the :r.rmour radius. When the drift 
chamber was pumped out the beam propagated along the cylinder and 
destroyed the collector as shown in Fig. 1b. In this experiment 
the length o'l the cylinder was approximately equal to the diame­
ter of the beam trajectory in the drift chamber with a uniform ga­
seous filling. The effioiency of the beam transportation across 
the magnetic field reached 8O-10~ in these experiments. 

Pig.1 a. Fig. 1 b. 
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INTERACTION OF MONOENERGETIC ELECTHOI/ BEAM 'NITH 

DENSE PLASMAS. 

A.A.lvanov, V.V.Parail, T.K.Soboleva. 

I.V.Kurchatov Institute of Atomic Energy, Moscow, USSR . 

'l'he interaction of a monoenergetic electron beam w1 th dense 

colllsional plasma is considered by means of partial numerical si ­

mulation method. Two cases are treated: when Langmuir frequency of 

plasma is greater then collisional freguency and when collisional 

frequency is greater then Langmuir frequency. 

In the present paper the non11near regime of interaction of 

the electron beaa with colli.ional pla.aa i. treated when the beam 

density ~ is much less then that of plasma ~4no ' For investigati­

on of relaxation process of the elect ron beam passing through the 

dense p lasma the machinary simulation method was used. It is well 

known now a beam of charged particles when penetrating plasma gives 

rise to the e:xitation of instabilities . 'l'he amlpitude of electro-

static potential when ~no is small enough and the condition of 

applicabili ty of linear theory for the plasma particles is fulfil l­

ed. The basic assumption makes it possible to describe plasma as 

continuous medium and to use numerical simulation for the beam par­

ticles only. tr'his method, which can be named as "partialy numeri­

cal simulation aethod" was alreads" successfully used for the inVe­

stigation of electron beam interaction with collisionless plasma/
1
{ 

The problem described h ere was made for two cases: ~1.<.V<.~and 

¥..l(v.)re.<.Y. HereY - is the frequency of collisions in p lasma, ~ - Lan­

gmui r frequency of pla sma. The linear grouth rates of instabilities 

a re described by the folloing relations: 
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~)~ . y 
W=Wp<-, 1(, =(Wp"2~b'- ; W= IeIA <.<Wp,- I ;r,=(~eo KlAV) • (1) 

'.,here Wbe. = (4ne:::~)1f2. , U - the initial beam velocity. 

1. '1'11e interaction of electron beam with plasma when ~i<'V< Wpe. / 2/ 

'l'he frequency of the wave arising in plasma as a reBul t of the 

development of a beam- plasma. instability is close to Wpe. and the . 

influence of hie;her modes Vii th frequencies rtwpe. is expected to be 
E 

necsli(jible , because their amplitudes E =...1L ~ are small compar­
n ~. n-- , 

ed to E1 • Hence for the amplitude of growing mode we have: 

(2) E(x,t) = t(t.) e::x:pUKoX- i l.et +,o«(t)} 

where E(t) - the amplitude andol(t;)-the phase of the wave are slowly 

varying functions of time . 11'he scale time of their chang e is of the 

order of 't .... ~-.$>wr:. Eristance of two scal es of time is essential in 

"this case and makes 

ilverat;i ng over fas t 

it possible to find slowly varying val ues by 

varying coordinate 3. = Kox- '*t. Making use of l'> . 
equatio~s of motion and continuity and Poisson equation, substitu­

ting electric field in th e form ( 2 ) we obtain after decomposing for 

real and imaginary parts the equations for the ampli tude ruId the 

phase of browing wave : 2Jj" 
r d'n., cl 

~ = - ¥- E - 2 ewpe J d's 5 2., 
dJ.. _ _ 2 ewp"- (Cl'n. d S 
at - E ~ a'5 

(here we pu-t ,f> =1 for simplicity). 

Uontinuous electron beam we simulate by separate particles there­

fore density of the beam can be \'rri tten in the fonn 
rJ 

I1d J,t)::: ~g?:J 3 (} - )pCt)) 

where summarisation is expanded over all particles , 3p -i s the tra­

jectory of the p-particle • Substituting (4) in equations (3) we 
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obtain after normalization: 

beam: 

~P = - C :,{"-(Sp~.I.) 
d'Sp _ h 

dZ - "P where 

fully describe the system beam - plasma. 

(6 ) 

The system of equations (5) , (6) was solved by computer. The num-

ber of particles was varied from 250 to 500. Irhe results of machi­

nery simulation shovm on fig.1 and fig . 2 indicate that nonlinear 

regime of beam-plasma instability leads to broadening of. distribu­

tion function of the beam by the factor of ~j/k.. within the time 

period of the order of some g r owth r ates times, which results in 

decreasing of instability. The initially mono energetic beam ther-

malized and now passes easily through p l asma. To understand this 

fact vIe have to take into account that for monoenergetic beam 

( ~"> k:Vrt ) energy of waves is negative and collisional frequency 

(dissipation) causes the instability, meanvmi l e for the thermaliz­

ed beam Ct< 1t.\Jf, ) ener gy of the waves is posi t i ve and \>. > '0 cal:l~es 
strong dampi ng of the waves. 

11. The interaction of electron beam with plasma when ~2<'Wre.<:V / 2/. 

In a case of a dense plasma (V>Wre) the linear growth rate of 

beam-p lasma instability is proportional to ./K' (2) . Therefore it 

could be expected t hat in this case thermalization of beam does not 
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.) -

cause stabilization of inst ability. Using the same app roach as in 

the part I , we have 

tl'_l = ~ {(i s.<:n.(I"-c)l )L +(t Co()(I'-i)~ )2 }lh 
P=. p P=1. r 

d 1 Sp _ 'L ~ . I ( . ) '<: , . \. 
.a:' - - F> fto C!,-i j".n.. l f!>-< 51" +""i"-' 1 

where .f> -is the number of mode having the maximal growth rate, 

L=1, 2, 3 •• • • The result s of machinery s i mulation shown on fig.3 and 

fig . 4 indicate that as velo~ity spr ead in the beam increases the 

mode s \nth shorter wave numbers become instable. Therefore insta-

bili ty takes place al l the wa:y and effecti ve transfer of beam ener-

gy in plasma waves and then in p l asma particles occurs . 

• 
" 

Pig. 1 

, 
• .. .. 
co 

" 

Fig. 3 

'0 1 
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ANOMALOUS RESISTIVITY AND RELATED MICROFIEL DS OF A TURBULENT PLASMA COLUMN 

by W.R. Rutgers, H. Schrijver. H.W. Piekaar , and H. de Kluiver 

Association Euratom-FOH, FOM-Instituut voor Plasmafysica 

Rijnhuizen . Jutphaas, The Netherlands 

ABSTRACT 

A turbulent plasma has been made by the discharge of a capacitor across the 

co l umn of a hol low cathode arc in a magnetic field. The anoma lous res i stivity for 

d i fferent gases , its relation to mic rofields observed by microwave radiation 

emi tted and the appearance of Stark satell ices in hydrogen are reported. 

The resi stivity measurements 
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For the techn ical description and the ex­

pe ri mental procedure we refer to earl ier 

publications [1]. 

The anomalous resistivity (R) of the 

turbulent plasma has been measured simul ­

taneously with the microwave radiation (p) 

emi tted by the plasma around wpe' The plasma 

resistance is computed from the voltage 

along the plasma column (V) and the plasma 

current (I). A correction is made for the 

inductive part of the voltage. A strong 

correlation between Rand P is found as 

a function of time (Fig. I). 

2345678 

In the first few hundred nanoseconds 

the parameters which characterize the plasma 

state are the initial ones as has been argued 

o in Ref. [21. On a longer time scale the ex­

pansion of the plasma column and the ion iza ­

tion of neutral gas change the parameters . 

Therefore, the plasma conductivity a and the 

corresponding effective col l is ion time, Teff' 

GD have been computed only fo r the init ial stage 

of turbul ence as the dimensionless parameter: 

TeffWpe • a/EoWpe (SI -units) . 

2345678 

t ( j.ls ) 
~ The recorded signals of an exper iment 

in hydrogen as a function of time. 
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The effective col li s ien time has been given in Fig. 2 a s a functIon of the plasma 

dens i ty fo r experiments in H. He, Ne, Ar, and Xe. From the curves of Fig . 2 t he 

a verage values at densities of 2, 5. and 10 x 10 19 m- 3 have been taken t o plot 

T w as a funct ion of the ion mass in Fig. 3 . At the density of 2 x 10 19 m- 3 

eff pe 
the cond uctivity does not depend si gnjfic~n t l y on the ion mass. At highe r densit ies 

the conductivity inc reases with a sma l l power of the ion mass. 

• 10' 
0 

3 .. 
" 

-103 

10' 
0 0.5 to 

Fig.2. The effec tive collision fre ­
quency, expressed as a number of 
plasma oscillations , as a function 
of the p l asma density for experiments 
in different gases. The electric 
fie ld is 4S kV m-I and the magnetic 
field is 0 . 4 T . Rela tively few ex­
periments have been performed in Ar . 

_e. 

~ 
The effective col li sion 
frequency, expressed as 
a number of plasma oscil ­
lations , as a function 
of the ion mass at dif­
fer ent plasma densities. 
The points are taken as 
average values from Flq.2. 

, 
3 , 
" 

,o· c--.-----------.--------~--.-~--_, 

.. 

10' 

,O'L~~----_,----~--~--,_--~>r----" 
1 I 10' 10 
H He Ne AI' Xe 

_ml 

Although the experiments cover the range Wce • 0.05 

the confining magnetic field i s not found [2J. As a 

- 0 .8 W a dependence upon 
pe 

function of t he app li ed e lec -

tri c fiel d the plasma resistance increases almost l inearly with the electric f ie ld. 

The drift velocity in the initial stage of turbulence, at the time when the 

r es istance i s measured, is in the o rder of 5 - 20 cs' Therefore, the turbu lence 

must be due to the growth of ion-acoustic ins tabil i t ies. The agreement of the 

effect ive col l ision frequency, veff = Teff - I
, from the experiments with the va l ues 

from the computer s imulations of Biskamp and Chodura [3] is noted and we attribute 

the saturation of the Ion-acoustic instabil ities to t he trapping of ions . 
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The HS profi le 

The HS profile is scanned in steps of 1/3 i at relatively high plasma den­

sities. The spectra are time averages over 0.5 vsec from three successive shots. 

Side on observations are carried out with a polarizer between plasma and mono-

chromator. A spec imen of a 

141 
153' 182 

spectrum i s given in Fig. 4. The He line is split up 

symmetrically by quasi-static fields from ion­

acoustic waves (f ~ f .) and by e l ectron-p la sma ac pi 

fq Ifl 
waves (f l ~ f ) as indi cated in thi s f igure. 

pe 
This was a l so reported by Berezin et a l. [6] . 

~ 
B profile for t - 1 - 1.5 ~sec. The electric 
f~eld applied to the plasma column is 45 kV m-I 
and the density is 10 20 m- 3 • The orientation of 
the polarizer is parallel to the discharge axis. 

To interpret the measured profi les a division 

into three components is suggested. 
-8 -6 -4 -2 0 2 4 6 8 

_6A<'1.) Fig.5!: At the pos iti on of the Balmer I ine a peak 

is present which Is thought to be predominantly 

emitted by the co l d pl asma boundary . Fig.5 ~: Components clearly symme tr ica ll y 

arranged around the central peak result i ng from the quasi-static field . Fig.5 ~: 

Satell i tes at + 1 2 and less c lear at + 2 2 are due to e lect ron - plasma asc i Ila­

tions. The satel I ites at ~ 1 ~ can be ~allowed up by the central peak . 

The time evo l ution of the side-_bands is shown 

in Fig. 6. In the fir st 0 . 5 ~sec streami ng instabi­

lities are excited re su l ting in sate l! ites near f L 

and 2 f
L

, which can also be seen at later times when 

quasi-static Stark levels appear . These satellites 

may be caused by the Interaction between langmuir 

plasmons and the ne utral hydrogen atoms. 

~ 
HS profile for plasma conditions given in Fig . 6. 
a central peak b first-order quasi-static Stark 
components c satell ites due to electron plasma 
oscillations. 

The interact ion can result in allowed transitions, 

-8 -6 ·4 -2 0 2 4 6 8 
__ 6),(.6.) 

symmetric wi th respect to the unshift ed "forbidden central component, due to the 

addition or absor pt ion of one or more pla smons. f L sat isfies the dispersion re la­

tion f~ - f~e(l + 3k2A~) wi th k~D ~ 0.6. 
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The discreteness of the stat ic Stark comp~­

nents can be understood fol lowing the ideas of 

Blokhintsev [ljl or Yakovlev [5]. In the present 

case the parameter /}, .. 6JJJ/w - 50 - 150 where 6JJJ i s 

the fi r st-order Stark shift and w the angu la r fre­

quency of the osci l lations (w ~ w .). For these 
P' 

pa rameter values separate peaks must be observab le 

ra t he r precisely nea r the posi ti on of the St a rk 

components for t ime independent perturbat ions. 

The fie l d st rength calcu lated for ion-acous ti c 

osc i l l at ions , i s 3-5 x 10 6 V/m, which corresponds 

to 0. 5% of the therma l ene rgy. With a po la r ize r 

the 0 as we ll as the ~ components are obse rved 

simultaneous ly. Their intensitLes are rather in­

sensitive for the orientation of the polar ize r . 

This can be explained by a Cherenkov cone with a 

large top ang le in which waves can grow unstable. 

The authors are very much indebted to 

Mr. B. de Groat and Mr. R.A.A. Ambags for the ir 

technical assistance. 

Th i s work was performed under the Euratom­

FOM assoc iation ag reement with financ ial support 

from ZWO and Eu ratom . 
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Fig . 6. 
HR profile as a fun:tion of time . The electr i c :iel d 
sfr ength is 24 kV m I and the density is 10 20 m 3. 
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PLASMA HEATING AND DAMPING OF THE FAST WAVE NEAR THE SECOND 
HARMONIC OF THE ION CYCLOTRON FREQUENCY' 

by 

R. Dollinger. M. Krist ianser.. M. O. Hagler 
Oepartment of Electrical Engineering. Texas Tech University 

Lubbock, Texas 79409 USA 

J. Bergstrom** 
Royal Institute of Technol ogy. Department of Plasma Physics 

5-1044 Stockholm 70, Sweden 

Figure 4 differs slightly from Fig. 2A (in the main paper) because of an 

improved techni que for measuring Bo' Figure 5 is the unintegrated s ignal ampli­

tude from a diamagnetic loop located at z ~ 10 cm. Figures 4 and 5 

(for z ~ 10 cm) show the same good correlation between damping and heating as 

Fig's . 2B and 3 (for z : 15 cm) in the main paper. The damping and heating corre~ 

l ation is thus independent of the locati on within the beach. 

Figure 6 shows the radial profile of bz at z ~ 15 cm for three values -of Ba. 

The Ba values are representative of the range to the left of the dotted lines in 

Fig . 2B, between the dotted li nes and to the right of the dotted lines. Thus. 

when the wave is damped, Oz ;s zero at all radii. The undamped wave has a pro­

file somewhat indicative of a Jo Bessel fUncti on for all Ba. 

Preliminary integrated diamagnetic l oop signals show that there is consider­

ably more heating at z : 10 cm than at z : 15 cm (see re lative values of Bd in 

Fig's. 3 and 5). Thus , the amount of heating apparently increases as the slope 

of the beach at the resonance point decreases (see Fig. 1). 

*Th;s work was supported in part by the Nutional Science Foundation and the 
U.S. Atomic Energy Commission . 

**Visiting Sci enti st. 
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Fig. 4: Wave Signal vs Ba at z = 10 cm (Replaces Fig . 2A) 
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Fig. 5: Diamagnetic Loop Signal at z ~ 10 cm 
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Fig . ,6: Wave Signal vs Radius at z = 15 cm 
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IIIFLUElICE OF FmlTE jJlPLITUDlI WAVES ON HEATmG 

AND THEllMU, mSULATION OF mHOJI)GE!IEOUS PLASIIA 

Physico~ecJm1cal Institute tlltra1n1en Academy of 
the Science, Kharkov, 24, USSR 

Tak1llg account of the wave processes nonl1lleari t,y has 

more end more importence for underst8lld1llg of the heat1llg 
, . 

end contaillment of the plasma;' Research of problems with 

interaction of the small number waves is often well corres­

, ponds to experimental situation end, from other po1llt of view, 

it is more simple to understend a number important features of 

the P7SS1la phenomena, as it cen see from enalysis described 

b.lo.~ 

1. Some decay iilstabili ties 1ll the 1llhomogeneous plasma; 

The decay instabilities problem end its aPplication to 

inhomogeneous plasma heat1llg is 1llvestigat e4 il;-tensi vel;r 1ll -

the recent ;years (see /1/ end rsferences 1ll it); In our work 

discussed deca;y instabili't7 1ll the resOn/lllce layer of the inho-
• . 1 -

mogeneous plasma; Disturbence smplitude is described by a 

followillg model equation 

01'1 E. C I'L e)~ X" 44 '1 E. - 0 
J.1!i. + \i;- - (l'l.+l~)'l..J -

For 1..-'<"ll.L" 1ll the vic1n1t,y \1 \~,l. it take plase expo­

nental grows of disturbence field; The amplification of d1s­

turbence field 1ll region of the pumping wave field s1llgular1 t,y 
" ''l. ' 

is ~"?l'!! ll;l: ) e. 
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Then, the dece;y.e~ e + s in t he inhomogeneous plasma is 

researched; Ion-sound oscillations are excited in a broad fre­

quency spectrum end the amplification coefficient maximum is 

e,rc~"," ~, -"~ ~,,1 'l.'l. 1 where \I.. is of the pumping wave vector, v_ 
1"Ie,. \:,. ",....1' 0 fil 

oscillation velocity of the electrons in the field of this . ' 
w~ve, '1" nebye radius. 

2.' Overdence plasma clarification by .elf-focusing wave beams. 

For laser and high frequency heating the overden.~ plasma 

clarification by wave beams is very important problem; In the 

case of the broad .... ave beam and small nonlineari ty we can use 

equation 

cI.~~~ -r ~ [E.m-hl\E\l] E =0 
If nonlinear part of a dielectric permittivity is positive 

(J..?O) , it is not difficult to show the .... ave penetrate to re-

gion £.« 0 on distance of order L for origional wave 

E El. C. L- ' -, amplitude • to satisfy by cond! tion • > <.) L.!. _ere _ 

-=IJt", £',1;1:(; In , this case for the wave equation is valid 

WKB-approximation; Analogous problem has been investigated 

in the resonance region also ~ 

3. Second-haxmonic generation in the inhomogeneous plasma. 

In this part of the work on the basis results of a 

~aper /2/ developed in strict succession the theory of second­

-harmonic generation of electromagnetic wave for arbitrary 

temperature of weakly inhomogeneous plaama~ This effect is 

ill!Portant for diagnostics and heating of the plasma; It is 

pointed out that the thresholds to be important for paramet­

ric instabilities taken place near resonance also, are absent 
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for second-harmonic generat1on~ The second-harmonic amplitude 

don't depend from plasma temperature when the thennal elec-.. 
tron velocity satisfy ine').uality VrJt"e t'>".4) where \<: ... 

is component of the wave ~ctor across density gradient, but 

for V~ .. -. (e'1 "l. Iw Vi ) and a broad evanescent layer for 

the incident wave the second~annonic allIpli tude is osci11a-
v t 'l. ~ l/O} . 

tory function -C.GI[ l!. t ~ () re. _ C ".). ; It has maximum at 
. '1 '3 c er W'C' 

vn=~ (c'l.~ .. /w J: and then monotonously decreased with 

temperature grows. 

4~· The particles and heat convective flow in plasma at 

the drirt wave excitation. 

It is we1l known that drirt instabilities can lead to 

essantial flows of particles and heat in the plasma (see 13/)~· 

For eXallIple, ~ft-dissipative instabi11ty in turbulant 

magnetoplasma leads to escape of pl~a across magnetic 

field with BobD diftusion coefficient~ In the paper 151 was 

studied diftusion of the plasma in the presence of regular 

drirt waves . But the results 151 can not believe fini shed 

because it was not take into account the temperature flu­

cwations to be important also in the case ·of the plasma 

without temperature gradient (but in presencs of the density 

gradient, see 16/~~ In present report we have studied plasma 

transport across the magnetiC field on the basis of magneto­

bydrodynsmics fluid equations where we have taken into acco­

unt the heat ~alance equation for electrons to be absent in 

the paper 15/~ Transport coefficients are calculated with 

accouut of electron-ion friction, ion collision viscos1ty~ 
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neutral-ion friction, long~tud1onal collision heating. con­

ductivity of the electrons. For eXaJIlple, last dissipative 

factor leads to the 1088 of electron heat across the magne­

tic fi.ld; It was discussed in the case ... hen the two drift 

hannonics are .xci ted; Th.ir aJIlpli tudes are tunctions of 
v''' -.: ~, follOwing parameters: '11 ~ ~ , ,to -:---.!!. 
w~ "" W,*, 

WjU( ~ 
,~a. 7"j.-t.l, 

wh.reW. is drift fr.quency, y,. , Vo; 
'" " 

, ion-ion and 

neutral-ion collision trequences, "" coefficient of 

electron heat conductivity per one particle. 
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I (!I HEATING IN A IIIRROR IIACHINE NEAR HYBRID 

RESCIIANCE 

Yu.V.Skosyrev, N.A.Krivov. V.M.Glagolev. 

I.V.Kurchatov Inetitute of Atomic Energy 
lIosoO'll'. USSR 

This paper presents some reeults obtained from continuation of 

the studies described in Ref. (1) • When HP power of the frequency 

close to the hybrid resonance is applied to a mirror machine plasma 

the ions are observed to heat. A number of studies aimed at impro­

ving the methods of plasma heating have been recently carried out . 

As a result have been possible : 

1. To modify the methods for producing a cold plasma. 

2. To improve the vacuum conditions by separating the vacuum 

chamber walls from the plasma oolumn. 

3. To increase the s trength of a static magnetic field up to 

4.3 ko. . 

4. To increase the power introduced in the plasma. 

5. To obtain the ion energy spectrum. 

6. To derive a relationship between the beated plasma parame­

ters and heating conditione. 

The HP power of a generator operating at the frequency of 

140YHz was applied to the plasma by means of a two-conductors line 

equipped with a coupling loop. The coupling loop embraced the vacu­

um chamber - a quartz tube 100mm in diameter placed between two 

mirror calls". The cold plasma ls produced by means of the tltanl~ 

um gun. A plasma blob produced in such a way spreads along the mag­

netic lines of force and enters the trap. It is heated by decelera­

ted waves excited by the coupling loop in the plasma. Using magne­

tic and electric probes [2] • it was found that such high frequency 
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ge current ae a function of energy. The ion temperature estimat ed 

by thiB plot waB 300 eV. It iB Been that aB compared to the Max­

welllan distribution the distribution was "enriched" by the high ene­

rgy iona. An increased neutral gas pressure in the range of 10-6_ 

10-5 torr reBulted by only in an increaBed abBolute magnitude of the 

charge exchange current without any variations in the plot. This sup­

ported the a8Bum~tlon on a collosionleaB mechanism of acquiring the 

energy by th~ iODs. The relation between the charge exchange currentI 

and preBBure can be expreBsed in the form I=!o[l+(P/PO)o(] where 0<..2/3. 

The plot of thiB relation did not paBB the beginning of the coor­

dinates . A possible cause of this phenomenon may be attributed to 

the wall gas release when the pressure is pulsed increased at an in­

stant of heating. As the magnetic field WBS increased in the range 

of 2-4.3 Koe the charge exchange current was increased by a facto. , 
of 2-3. The magnetic field configuration in the region of heating ap­

preciably affected the parameters of the heated plasma. In a mir-

ror geometry magnetic field with the mirror ratio 1, 5 the ion char­

ge exchange current is an order of magnitude greater than that in 

the caBe of a uniform magnetic field. The longitudinal energieB of 

the ions and electrons escaping the discharge along the magnetic 

lines of force were analyzed using a multigrid electrostatic pr~ 

be. It was found that in the case of a uniform field the electron 

energy ie 80 ev. and the ion energy is 300 ev while for a mirror 

geometry of the field, the longitudinal energy of the electron iB 

150 ev and that of the ions is 500 ev. The dependence of a plasma 

diamagnetic Bignal on the magnetic field waB of the form of gro­

wing curve with some saturation when the magnetic field was 4.3kOe. 

The value nT waB_301014evocm-3. The lifetime of ions having the 

energy I key estimated by a decrease in the charge exchange current 
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input gave a rise 'both the nonordinery wave (of the H-type) and ordi­

nsry wave (of the E-type) in the plasma. It has been found that 

at the inetant of heating no enhancement of the wave magnetic field 

typical of the magneto-acoustic resonance was observed. The ion hea­

ting was believed to be caused, due to generationg of the plasma wa­

ves during slowing dawn the ordinary electromagnetic wave. It was fo­

und out in~that the heating occurs only when the density varied in 

the range of (1.2~4) 1012cm- 3• Studies of the source operation showed 

that after 100p.Sflux of neutral gas appeared following the initial 

plasma blob. Sinoe the period of the heating and decaying of plasma 

is l es s than 100/,-5 t he inetant when the plasma gun switched on with 

respect to the end of a heating pulse should be chosen eo that the 

neutral gas could not interfere with the investigations of the hea­

ting process. 

In addition to the diagnostic techniques discribed in [1] a 

method of double charge exchange [ 3] was used to study a heated pla­

sma. Neutral hydrogen atoms produced ss a result of charge exchange 

with f ast ions in the v~lume of 

the chamber left the discharge 

near the mirror neck. The seconda­

ry charge exchange occured when 

the neutral flux passed a thin 

carbon foil. In analysis of the 

energy of ions appeared as a re­

ou1t of that charge exchange al­

lowed us to est'imate the ion dis-

tribution with respect to the tran­

sverse energies in the discharge 

Fig.1 shows the charge excban-
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was 15 ~S and decreased as the pressure was incr~ased. This indicates 

that the plasma energy is concentrated in the main, .in the ion c~ 

ponant. Decrease in the plasma energy containment time c~pared to 

the particle confinement time seems to be associated with the pre­

sence of an additional amount of gas released from the walls of the 

quartz tube during its heating and subsequent cooling due to charge 

exchange. A more sharp increase in the charge exchange current as 

compared to the increase in the density during heating also pOinted 

to this. To improve the vacuum conditions a work is being performed 

now to create a HP vacuum caVity, which could enable to reject from 

the quartz tube deviding the volume accupied by the plasma and that 

of the HP cavity. furthermore, a new type of mat ching the HP genera­

tor and resonator has been desighed. It enables one to increase the 

power introduced into the plasma. 
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E"XCITA~'ION OF ELECTROSTATIC r·lODES BY A !~AGNE'rOACOUS'rIC PUflP WAVE 

K.D . Harms, O. Hasselberg, A. Rogister 

Institut f Ur Plasmaphysik der Kernrorschungsanlage JUlich GmbH 

ASSOCIATION EURATON-KFA 

Abstract: We have derived an integral equat ion which generalizes 

the dispersion relation describing electrostatic modes in t he pre­

sence 'or a magnetoacQllstic pump wave propagating or thogonal to !!o' 

Parametric exc itation of ion Bernstein mcdcs is discussed as an 

example. 

In recent years a great deal of theoret ical effort has been devo­

ted to the study of parametric effects in plasmas. '£he problem is 

directly related to t hat of auxili ary heating schemes, e.g. in 
Tokamaks. Pumping power in the magnetoacQustic mode could be con­

veniently achieved via a wave guide system for usual Tokamak con­

ditions; further the wave could be made a resonant eigenmode of the 
plasma column. For simplicity \,le assume that the pump wave propa­

gates in the plane orthogonal to ~o (Fig . 1). Its frequency sat.is­

fies the dispersion relation 

2 k 2 .2 
W : 0 CA (1) 

o 2 2 2 
1 + ko CA /W LH 

whereCV~H :; (l/GJ~i+ l/fli.n~)-l and c~ i 's the square of the Alfven 
velocity. The operating frequency must th~s be smaller than the 

lower hybrid W LH at which ' the pump be (',0:111':: 8 evanescent. 

'The appropriate equations describing the electrostatic perturba­

tions dfJ • d'f' are 

[.E.. + at 
In this equation) !!J(t) is the. mean veloc ity of the particles of 

species J in the electromagnetic' fie,ld of the pump wave; :fJ(t) i::. 
the c·orrespondir.:; distribution funct'ion in the frame moving with 

velocity ~; bz(t) is the magnetic field of the pump wave. Assumint; 
the wavelengths of the electrostatic modes to be much smaller than 

the typical l~nGth scale of the pump , hut mu?h larger than the 
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,electron Larmor radius (kRe< l) J the terms proportional to 

and b z in Eq. (2) play a negligible ro] .'L Integration along 

orbit yields after substitution in Poisson ' s equation 

2 

~r(t) ;[~P~ 
J k c .T 

[d,/,(t) - S:HXP [- ."'('n] c~ [J-r(t +1:) 
_00 

leads to the usual dispersion relation in a magnetic field: 

\w2 
£ (k,W) . l+L ~ 

J k 
where 

( 4 ) 

Z(,) is the Fried and Conte dispersion function, t; n,J= (W- nJ2
J

) f"V2kZCJ 
~ 2 2 .n 2 r: .n 

and / \J = kJ. CJbLJ L",e recall that kl. Ce/JLe<!; 1 and the summation for 

the electrons reduces to the term o:OJ. I n the limit kz=O (more 
p r ecisely kzCe(W) , Eq . (3) reduces to the linear equation (11) if' 

one assumes 
t 

.l'l'(t) ~exp-i Sdt " [!5. ·!!i(t ")+wt"] ; 
o 

the same remark applies whenever ~'~i=! ' ~eJ kz arbitrary . 

We have particul arly studied the non linear excitat i on of Bernstein 
t 

modes. If [dtn~·~e(t")=~·E.e(t)~ 1, the parametric growth rate, 

neglecting l inear Landau danping, is giver, by 

1/2 

'"here i:e(W) " (W;e/k2) [1+ ~ oe Z(Soe)] and /w1/ +IW21 • Wo' 
Typically 

_ ke u 9 W r par -d. -. -- --
Wo. k,L Ri 

cE 
(note that u "" --..!:. ) 

9 B 

whereo(.sl,w~Wo' and it has been assumed that k.l Ri~ 1. 

(5 ) 

The dependance of the parametric growth ~ate and threshold electric 

field [ the azimuthal field Ea is of order (JLi I Wo)Er J upon the 

angle of propag~tion of the Bernstein modes is given in Fig. 2 . 
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If the resonance condit ions are not (approy..imately) satisfied, 
destabilization of ion Bernstein modes can still occur through 

nonJinear electron Landau effect (WB~ Wu ~ kzc e ). In this case the 
groth rate is of order 

where 0(' Z 1. The latter result agrees with the corresponding ex­

pression for the spatial groth rate giv~n pveviously by Martinov 
and Samain 11/. 

In inhomogeneous plasmas, the (approximate) matching condition for 

the parametric process to occur cannot be satisfied simultaneously 

at different points i n space . The ass.ociated effects will be 

discussed. Furthermore, results on parametric excitation of ion 
sound w·aves will be presented. 

It is a pleasure to acknowledge useful discussion with Dr. H. Kever. 

11/ N. Martinov and A. Samain, private con~unication. 
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Fig. 1 Electromagnetic field of the pump wave. Propagation 

is in the radial direction. 
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of the parametric instability for the decay 
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NEW OFF-ANGLE TEMPERATURE ANISOTROPY INSTABILITY 

Ronald W. Landau 

Dept. of Physics, Tel-Aviv Univers ity . Ramat-Aviv 

Israel 

A new instability, propagating almost perpendicularly to the magnetic 

field, is described, with growth rate magnitudes near the electron cyclotron 

2 frequency. It is unstable for BN ,. 41ffiKT,I/B > .59 1 when T.L = O. 

We have found a new temperature anisotropy instability propagating 

almost perpendicular to the external magnetic field. The mode is polarized 

quasi-longitudinally for 6" < 1 and ~oes not oscillate. i.e .• it's purely 

growing. The mode is obtained by solving the linear Vlasov equation, assu-

ming that T.t is maxwellian , T.L = 0 and neglecting the ions. Our motivation 

for examining such a.lmost perpendicular modes arises from the occurence in 

the solar wind of enhanced electron density filaments(l) aligned a l ong the 

magnetic field and from the demonstration by Taylor(2) that the diffusion 

of electron filaments across a uniform magnetic field. has the same parameter 

dependence as Bohm diffusion . 

The energy source for driving the instability is T" > T.L' which is 

the situation in the so lar wind. Currents along the magnetic field also 

produce an effective Tu > T.j.. The equations are most easily derived from 

Landau and Cuperman(3) by assuming T.L = O. neglect of ions and 

Including the ions, we believe, will increase the growth rate, 

w2 »n2, 
p,- -

but finite 

T.L or finite w2 will decrease the growth rate. For the solar wind p,-

.} In2 » I, but for Tokomaks this ratio is about 115. 
p,- -

The dispersion relation may be put into very compact form by assuming 

that the propagation is almost perpendicular so 

which allows the neglect of terms a:e 2 and c:. l/ t~ 
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but the retention of terms ",e
2

£" . This gives 

where F Z' a 2 - -
r 

G' - 2aZi 

g = 2+Z' 
r 

2 -
F(g-yG') + a G'Z 

1 /~. Z' -r 

Zi 

o 

Re Z' 

Im Z 

y = w/ lo-, 

i '" -lm Z' 

.2 = 11\2 , 2,) 

( I) 

and Z is the usual plasma function (4) , Z <~> where ~:a( l +iY) J a>O and for 

instability y>O. Also Z ' <~>~dZ/d~. 

If we are interested only in obtaining stability criteria, 

then we se t 1:0 in (1) and obtain 

2 
I /(~". ) (2) 

an equation which is rather easy to solve . A graphical solution is indi-

cated in Fig . 1 by plotting the left side of this equation as a function 

of 1/a2 (called SUM) and drawing the straight line l /(~ a2). For 

. 591 <~. <l there are two so l utions, while for fI. >1 there is but one. The 

surprising result, that instability exists on l y for~S91 is due, we believe. 

to the neglect of ion motion , which should give a complex solution for 

all e. 

Growth rates are easily obtained from Eq . (1) using the various 

expansions of the plasma function in the a« l and ~» l limits. Thus we find 

and 

y = 1/[. ;; (4-n) ] . (n _ 2 _1 /(.2~,,)) 

2 
y 

2 
y 

~. _I + 3~./(2.2) 

~" -I 

(a«l, 13'1» 1) 

2 
Y «1,13" "'1) 

13.» 1) . 

These results may all be verified as being consistent with Fig. 2 whose 

sol id lines are a computer solution of Eq . (I) , whi l e the broken lines · 

give the solution for a more complete equation that inc ludes a;o (not 
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exactly 90° propagation) and finite values of w2/02 , The large 'a'. large B 
p -

2 growth rate may be rcwri tten as y =13u , or 

wi = twp ~,/e (3) 

which is very similar to the Weibel(S) instability, except that here 

T_ > ~. i . e. the two equal temperatures of a temperature ellipsoid are 

~ than the third. 

This result is also consistent with the calculations of Kalman(6) 

et al. on temperature anisotropy instabilities ~ magnetic field for 

their I coupled mode' instability. This mode is unstable for TJ. > T" with 

maximum growth at 6=0, where the- mode is quasi-transverse . However, they 

did not notice that their dielectric constants (their Eq. (42)). are un~ 

changed under the substitution T ...... ~ .. T" -+ T.. e .. 900 -41 so that for 

each solution where T~ » Tu near 41=0. there is a corresponding solution 

r" » T .. near 41 =900 . Thus Weibe1' s result goes over into Eq. (3) for 

perpendicular propagation. The polarization of their wave is quas i-trans-

verse for large rates of growth. but becomes quasi-longitudinal for small 

growth rates. in agreement with our results. 

We wish to thank l1an Roth for his help in the computer 

programming . 
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