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Preface

This volume contains the Invited Papers and the Supplementary
Papers, which have been selected by Peper Selection and Pro-
gramme Committee /PSPC/ of the "YI European Conference on Control-
led Fusion and Plasma Physics".

The Proceedings have been printed by both typing and photo=
offset lithograry methods. Only minor editorial work was carried
out, It means that the authors must bear responsibility for their
texts.

We sincerely thank the authors for carrying out the "Instruct-
ion for Preparing Papers", We wish to thank the members of the
PSPC and the Scientific Institutions they represent for their co-

operation,

The Organizing Committee
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NPUBETCTBUE 3AMECTHTENA NPEJCETATENA T'OCKOMUTETA
[0 MCHOIBSOBAHMD ATOMHON DHEPTHY

npod. H.I.MOPOXOBA

YBaxaeuHe ZaMH H T'OCNOZa, HAMH TOCTH, KOJJIETH
B TomRapHmH !

Bonee 20 neT yueHHe MHOT¥X JafopaTopu# Mupa BeIyT YNOPHYD 00ph-
0y B8& OBA&JEeHWe SHeprueid ynpasliReMOr0 TEPMOALEDHOTO CHHTIEsa, Cyld-
uéro YENOBEYECTBY OeB3rpaHnyHEe BHEPreTmuecKyue nepcrexTHBH. i He
omndych,ecnu CKAXy,uTo HaJ 3Tol mpolnemolt padoraeT user Quanyec-
KO} Hayku,caMHe TaJaHTIMBHE M JHePIuuHHE YyueHwe.Mccnexopanus mo
mpo0ieMe TEpPMOAJNEPHOI0 CHHTE3a CTUMYIHDOBAJM I'DOMaJHOE DacHNDEHNs
HANWX 3HaHMl 0 nnasMe,0QHOM M3 CAMHX DACNDOCTDAHEHHHX COCTOAHUM
MATEpHH, W NMOPOXWIK K XU3HM NeJui DAJ NMDUENAJHHX HANpAB]eHUd
B HAYKE ¥ TeXHMKE, JT0 HCTODHA B3NETOB ¥ najexull, mecciumusua
U ONTHMHU3MAE.

B HacTofmee BpeMs HaGHDAaeTcA Pe3X0eé BespacTEEAe WHTEpeca
K npoGneMe yNpaBAAeMOTo CHHTesa, 0GYCHIOBJIOHH0® OCHAZIOXABALMHMHA
pesyisTaTaMK MCCIO7ZoBaHMI MocNeZHEX X8T.

PemerMe NMpOGISMH yNpaBIAEMEX TePMOANODHHX peaxuull - ato HE
mpocTo YBIGUOHW® JHSMEOB, YAOBI6TBODADNMX CB0e JOGOMHTCTBO 34
cyeT rocyzapcrBa. OTHCEAEEEG HOBHX Cnoc060B MOIYYOHHA SHODPIHE
GTAHOBHTCSH CAMHM AKTyaIsHNM Benpocod XX Bexa, 0cTpoTa K0OTOPOTO
co BpoMeHeM GyAeT TOJEKO BeBPACTATE.

PaapnTHe SHOPreTHKE 3a mociezuue I00 zeT roBOpHT O HONPOPHB-
HOM WBMGHOHEE CTPYKTYPH MEpOBOre SEEPreTHU6CKOro Gaxanca B
GTOpOHy TONNMBE ¢ Golee BHCOKON TemmoTBOpHOH crnoco0HOC TER.




Ha cuemy yr/o NpHEIC XHAKOSe M rasoofpasEoe T'opudee, 8 B
HACTOANO® BpOMA HaUMHAETCA BN0Xa8 AZEPHOTO TONJABA, KOHUGHTPH -
pyomero OrpoMHHe BeAWYMHH SHOPrHH B HWYToxHoM Macce BemecTma.
JlonrocpoYHHe NOTPECHOCTH B SHEDTHMH MOTYT OHTH yA0OBEETEBO-
POHH 38 CU6T JBYX AZIODHHX NPONECCOB : AGNGHWN AZED TAEEIHX
3l6MOHTOB W CHHTES3a AzE@D H30TONOB BOZOpOZAa. AToMHAH 3HOPreTHKAE,
OCHOBHBaOMAACA Ha NePBOM Npouecce, y=e B noiXHo#f Mepe BCTyNHIS
Ha NYyTH NpakTHYecKof yTHIMBAUMEA sAnepHoll SHeprANW. YnpasaaeMuil
TOPMOAZIeDEE)t CHHT@3, B clIyyae 6r0 pealHsalHH, CYIHT USI0BOUECTBY
HeHcUepnaeMuif HCTOUHUR semeBoff sHeprum, Goxee wMcTHIl W Oesomac -
Hutt, moapoxApmEd B NMPHENENG JAYyYEe PENMMTE SKONOTHYECKWE MpOOHAEMH
Seunu.

B nocnezHke roin NMepCcOeKTHBA OCYMEBTBAGHWS yIpaBiISeMOro
TOPMOAZEPEOT0 CHHTESA BSHAUMTENRHO NpPOACEEIACH ﬁnarojnpﬂ AHTOH-
CHBHHM HCCIGZOBAHMAM II0 CTABMMM YE6 KAACCHYOCKMMH HANDSBI6HMAM
OTHPHTHX MATHATHHX JIOBYHEK, BMMYyAbCHHX NpONSCCOB THONa "T3Ta -
NUET" M, THaBHHEM 06pa3oM, JaMEHYTHX MAPHUTHHX NOBYHEK THNA
"poxamak"., YA@N0CH CyMECTBOHHO NOBHCHTE TOMNOPATYPY, NAOTHOCTH
¥ BpeuMA EWSHH SHODI'MM NAa3MH. OZHMM H3 CYymECTBOHHHX Pe3yALTaTOB
CIeZYy6T CUMTATH CONHXOHEHE® pe3yJHTATOB DECIGDEMEHTOB C Teopuel.
Bce T0 yEpennaseT yBepPOHHOCTS B BO3MOXE 0CTH noJyueHns B Ganxaitmem
OyZymeM NapaMéTpOB NAA3MH, HOOOXOZWMHX AAA HAUaJ8 CAMONOXIeDER-
Bapmelics TepMoszepHo# peaRuEE.

3a NOCAGZHWE HOCKOIBKO N6T OTKPHA&CH BOSMOXHOCTE XOJ0C -
calpHOl KOHNGHTpANEM SHEDPrHMH BO BDEMOHHM H NMPOCTDAHGTREE B IyU6
na3epa H NYUK6 DONATHBHCTCKAX BAGKTDOHOB, BHABHHYBOAS HOBHE
MZeH N0 HEMOMEDOBAHMD yINpaBIAGMHX TEDMOAZOPHHX pearUmit cuHTesa.
970 ABIA6TCA 6mME OAHEM (JaKTOpOM, YEPONAADEEM HEEY yBOPOHHOCTH

B yONemHOS DONEHH® NpoCIeMH.
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NlOCTHUIHYTHe PO3YABTATH 9TO TOABKO MEPBHO ,XOTA W TPYAHHE,
mard Ha NyTH pemeEnsA mpolueMH. lIpezcToMT eme BHACHEHHWe TpOMaJ-
HOT0 KOAHYSCTBA (JU3MUYECKHX BONPOCOB 0BEJIOHMA TNJa3MH, yCTAHOB-
JNOHAA 3aKOHOB NMoZ00WA, paspaloTKH HOBHX crocoGoB Harpesa W
AHarHOCTHUKM NMAA3MH, JOCTHEGHAA NMApaMeéTpoB NJIa3MH, HE 00X0AMMEX
ZNA Havala caMonozzepxmsavmeiéica TepMoszepHoll peakuum npexje,
YoM MOXHO OyZeT NMPUCTYNATH K CTPOUTENLCTBY TOPMOAZEDHOT0 pAAK -
TOpa.

lpoGneMa molyueHAA SHEPTWH C NMOMONBN YNpPAaBAAOMOr0 TEpMO -
AZI@PHOTO CHHTE3A BHIJAA 38 DAMKM HHTEDECOB OTZeAbHO BaAToll CTpaHH.
Sagzaua, CTOANAA NMepe] HAMA, HACTOJBKO T'PAHAWO3HA, YTO OHA TPO -
6yeT KOIJIGKTMBHOIO yCHJHA BCOX CTpaH. '

B COBpeMEHHOM MHDe,T0IHOM HAZGXJ HA MONOXWTENBHHe Pe3yIb -
TATH HavaBmeificA paspAIKE MeEAYHApOAHO# HaNpAREHHOCTH, CO3ZAHH
ACKIDYMTONBEHO CABTONDHUATHHE YCIOBHA [JIA MOEAYHADOZHOTO COTDYZAHH-
yecrsa B Toff oGmacTm. ITo RacaercA Comerckoro Comsa, TO # MOTY
38BOPUTH Bac B HameM HOW3MEHHOM M GHTHBHOM COZeHCTBHM TaKoMy
COTPYZHUYOCTBY BO BCeM MHOT00Opasum ero (opM,

CeronuAnHAA KoHpepeHUMA, HECMOTDPA Ha T0, 4TO OHA HA3H -
BaeTcA Epponefickoli, sTo mozBejieENe MTOTOB KOJIGKTHBHOTO TpyZa
JUeHHX W HWHEeHepPOB Bcex naGopaTopuil mwupa. OHa nMoMoEeT NmpOBEPHUTH
H 06CYyZATH [JOCTHTHYTHE DE3YIABTATH W HAMETHTH ONTHMANbHHE MIaHH
Ha Oyaymee.

JHOPIrEA TEPMOSZEPHOTO CHHTE38 yX6 NpofBuaa cela B Heynpas-
nfeMoM BHAe. CoeZMHMB CBOM yCHIAA B Goph0e 3a yIpaBAAeMuil
CHHTO3, Yel0BeYecTBO JAWHHAN paA3 NOBHIEET CBOW BOSMOEHOCTH

NoCTaBATE 6I'0 Ha 0.11]'163’ OnarococToAHHAA H nporpecca Hapoz0oB MHpa.

Vil
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ypaxaeMHe ZaMH B TocCnoid, copapHui !

PaspeunTe MHe 0T yueEn TocyAapcTBOHHOTO KoMHTETA MO

MeNnolL30BAHMD arToMHoll BHEDIHH CCCP npWBeTCTBOBATH Bac B CBE3H

¢ mavazom YI Epponefickoll KoRdepeHIAN no pusuKe TAASMH H
pHOMY CHHTE3Y H noxenaTs BaM NIOZOTBOPHEX

yrpaBAAeMOMy TOPMOAAS
aucKyccuit, moAe3HOTO oGueHa WHOHHAMA W NpPUATHOTO nipeOnBannfi B

Ramed CTpaAHE.

Buarozapy Bac Ba BHUMAHU® !

Vil




THE SPEACH OF THE VICE-PRESIDENT OF THE
USSR ATCHIC ENERGY CGMMITTEE

Profs IsD.MOROKHOV

Ladies and gentlemen, our guests, colleagues and
friends,

More thsn 20 years scientists of many laboratories of
the world carry on & persistent struggle for mastering the ene-
rgy of controlled thermonuclear fussionm, one of the most allu-
ring propertles of matter, which opens unlimited energy pers-
pectives for mankind, I shell not make a mistake if I shall
gay that this problem is being studied by the plck of physical
science, by the most talented and enmergetic scientisis. Investi=-
gations in the field of thermonuclear fusion have stlmlated
vast widening of our Imowledge of plasma, one of the moat wide-
spread statea of matter, and have given rise to a wlde variety
of applied trends in science and technology. This is the histo-
ry of suceess and fallure, pessimism and optimism.

At present,we observe the wide growih of the interest to
thermonuclear fusion the problem, being dus %o the reassuring
results of recent studies,

The solution of the problem of controlled thermonuclesr
resctions is far from being just an enthusiasm of physiclsta,
patisfying their curiesity at the expence of the state. Finding
of new methods of obtaining the energy i1s becoming the moat ur-
gent problem of the XX century, which aculiy will only grow
in due course.

The development of emergetics for the last 100 years shows
continuous changes in the structure of the world energetic ba-
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lance in the directlon of fuel with higher calorific power. Coal
was changed by gas- and liquld fuel , and now the nuclear fuel
age begins, concentrating a vast amount of energy in an extremely
small mass of substance.

Long=term power requirements can be satisfled at the expence
of two nuclear processes: fission of heavy element nuclel and fu=
glon of hydrogen isotope nuclei, Nuclear energetics, based on
the first process, has taken the path of the practical utilisation
of atomlc energy. The controlled thermonuclear fusion, in case of
its realization, promises for mankind the inexhsustible source of
cheap energy, more pure and safe, enabling, in principle to solve

better oecological problems of the earth,
In the last few years the perspective of feasibllity of the

controlled thermonuclear fusion has become more clear, due to ine-
tensive investigetions in clasaical directions of open magnetic
traps, puls processes "theta-pinch", and mainly, closed magnetic
traps "tokamaks", It hae been possible to increase considerably the
temperature, density and life time of plasma energy. The proximity
of experimental results and theory should be considered as ome of
the most significant results, All thie strengthens our confidence,
that in the nearest fufture plasma parameters can be obtained, nﬁ-
ceggary for the initiation of hélfAsustaining thermonuclear reac=
tion.

Over the past few years the poseibility was offered of the
coloesal concentration of energy with space and time in the la=-
ger beam and relativistic electron beams which has put forward
new ideas on initiating controlled thermonuclear fusion reacti-

ons, This is one more factor, which strengthens our confidence
in the successful solution of the problem,




The resulis obtained are only the first, although diffiocult steps in
the solution of the problem, We are still to solve a considerable bo-
dy of physical problems of plasma behavior, finding similarity laws,
| working out new methods of plasma heating and diagnostics, obtalning
| plasma parameters, necessary to initiate the self=-sustaining thermo-
nuclear reaction, before we shall be able to begin the comstruction
i of thermonuclear reactor, ‘

The problem of energy production by means of controlled thermo-
nuclear fusion has overcome the interests of one single country. The
task is so grandiose that 1t requires collective efforis of all
countries,

In the present=day world, full of hopes on positive resulis in
relaxation of intermational tension, the most favourable conditions
have been created for the international cooperation in this field,
As for the Soviet Union, I can assure you in our invariable and ac=-
tive assistance in such cooperation in all its variety.

This conference, in spite of the fact that it is called European,
is summing up the collective efforta of ac.\ientists and engineers
all over the world, It will help to check and discuss the obtained‘
resultes and draw up optimal plans for the future,

The energy of thermonuclear fusion has already shown itself as
uncontrolled, Joining our forces in the struggle for controlled the=-
rmonuclear fusion, mankind once more increases ite possibilitles to

place it in the service of the prosperity and progress of all nations,

Ladles and gentlemen, comrades

Let me on behalf of the USSR Atomic Energy Committee greet you
on the occasion of the beginning of the VI European Conference on
Controlled Fusion and Plasma Physice and wish you fruitful discussions,
helpful exchange of views and pleasant stay in our couniry.

Thank you for your atitention,

Xl
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PROGRESS IN THE TOKAMAK RESEARCH
B. B, Kadomtsev

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

This paper presents a brief survey of the recent research studi-
es 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 so far they are as fo!
lows. The electron temperature is about 3 kev, ion temperature = 0, Tke
energy containment time = 0,02 sec, density up to 7.10'Jcm™. The higl
est value of 7 7f (the product of density by containment time) is ap-

12. All these parameters can be obtained with simple and

proximately 10
quiescent heating of an initially cold gas by current flowing through
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.

1e Containment of plasma energy.

The main object of the experimental studies on the IM=-3, T-4, Tuf
installations is to investigate the efficiency of tokamek as a magne-‘
tic trap. It has been shown earlier that the principal mechanism |
responsible for energy losses in tokamaks is  high electron heat com
ductivity. Ites value is many times greater than the neoclassical one
/up to two orders of magnitude/s The mechanism of the anomalous ther-
mal conductivity is not yet clear. To reveal the cause of energy

leakage is the primary problem in tokeamek investigations.



variables which have an influence on #A5 . Nevertheless, the map of
points B , Ve('/Vo is of interest since it shows how the loss rate va=-
ries when we Jiminish! Vec  and enter strongly collisionless region,
We see when diminishing Ve//Vp the value f#y decreases at first and
then at very small )’Jer'/yg the plasme confinement improves, and /5,7
growse agaill.

Fig. 2 indicatesthe 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.

Fige 3 illustraies the same TM-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 Vg;/Vo o Excluding three low temperature points
at J=12 kA, the rest points are geen to concentrate near the curve
which corresponds to T5=7’5'Vp/1/9¢' in a rarefied plasma, and appro=-
ximately to Tz=37 in the plateau region.

The relationship Lg= 'z}%;_ is similar to that found by Yoshikawa
for a spherator., It corresponds to qualitative assumption that there
should exist perturbations 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, hense, it
should be proportional to the frequency.

Note, that the relationship between the loss rate and Joule heat
for Tg = €8 Yo/ Vo, leads to relation 7;-0;’3 =const- J 2 , where
const ~ 0'8/3. 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 limit could be achieved when the collision fre=-



quency becomes very small so that the velues greater than (100 + 300)7g
are hardly to be attainable. One can see in Fig.3that a tendency
for changing the relationship 7#=¢g % /Ve,' is not observed in
-3 at small % /4% , however, only one hundred Bohm values have be-
en achieved so far.
The diffusion time iib in the tokamaks is usually greater than
the energy containment times ?2: » For example, the relationship bet-

ween ZB and Z} is shown in Fig.4 as a function of density for T=3 and

STe
2, Ion confinement

It has been shown that the lon temperature is in good agreement
with that predicted by the neoclassical theory of thermel conducti-
vity for the plateau region. Namely, the experimental data points
are in good agreement with the formula T;= 6.10'7‘there }:A- ?.782'79 39%
A is the atomic weight of the ions, J is the total current, B, - ’
the longitudinal magnetic field, B 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 the current in
this region,

The experimental results shown in Fige5 indicate that this at-
tempt failed, i.e. no departure from Tivf is observed. This is asso-
ciated with large amount of impurities appearing during current rise.
Appearance of the impurities is illustrated in Fige6 in which the
relation between the deuterium ion density and eleciron concentra-
tion is shown as a function of the plapma current.

Note, that the charge exchange process plays a negligible role
in the ion energy balance, it is about an order of megnitude less

than the effect of thermal conductivity. /Fige7/.
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3. Impurties

The impurties play an essential role now, and as the plasma tem—
perature increases they will cause more and more trouble., For this
reason, as well as taking into account a possibility to use the impu-
rities as one of plasma diasgnostic tools much attention is being gi-
ven to investigate their behavior.

It bhas 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-
ges. The impurity concentration near the column exis is shown in Fig.8.
The distribution of the impurity concentration in T-4 was measured
with x=ray emission. Fig., 9 showe 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 discherge a divertor should be used.

Another poesibility to control the impurity level has been sug-
gested by the experimental evidence that hydromaegnetic 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 ie 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 itse
appearance 1s characterized by negative voltage spikes implying that
a part of the poloidal field flux is pushed away. Simultaneously,

the plasma column ig compressed in the direction of the major ra-—

5



dius /Fige12/. This may be associated with a decrease in the plasma
inductance, il.es with a sharp expansion towards the minor radius.

The duration of expansion is small - about 100 mMsec ;r even less. The
energy content of the plasma measured from diamagnetic signa% data
gshows that despite a contact between the plasma and limiter during an
abrupt expansion the total plasma-enargy 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 last 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 phenome non.

The experiments have shown that the disruptive instability is
excited only at sufficiantly large currents and pressures. Fig. 13
shows qualitatively the stability domain in variables J - the
plasma current, and By = the plasma density. In addition to the ba=
sic large domain there are two stability islands with large currents,
one = with the g-values more than unity, another - with g more than 2.
These domains are separated from one another and from the main ste-
bility domain by instability slits in which the hydromagnetic modes
m=2 and m=3 are unstable, The disruptive instaebility is excited near
these boundaries, thus at high currents it appears to be associated
with hydromegnetic kink instabilities. Moreover; the disruptive in-
stability can be excited on the right hand side boundary of the sta-
bility domain /Fig.13/, i.e. at large n,. The lower and left hand

boundaries of the stability domain are related to the formation of
runaway electrons, they will be considered below,




As we pee 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 as a rule the kink mode preceeds the disruptive in-
stability. A typical picture of the oscillations excited before a spi-
ke is shown in Fig., 14. Oscillations in the phase shift @ of the mic-
rowaves probing the plesms are clearly seen., Fig.15 illustrates a re=-
glon close to the spike, It is seen that as the instability develops
the modulation depth of the phase shift at the distance x=2 cm from
the centre reaches 25% in 1-2 cycles, then it decreases. The spike
leads to a decrease in pJ 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 indicates that the perturbation is of a kink mode type with m=4,
or with m=3 under more poor vacuum conditions, Fig. 16 ie streak re-
cord of the plasma light emission. Developing of the kink mode just be-
fore the spike, and sharp expansion of the plasma column at spike are
both clearly seen,

Fig, 17 is a plcture of CV and OV ion light emission as the
kink instsbility develops /curves 2,3/ end at an instant of a spike
/curve 1/. A drop in the light emlssion of ¢V indicates a decrease

in the plasma temperature while an increased light emission of OV 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.




The above experimental results indicate that a deep nonlinear
phase of hydromagnetic perturbations 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-
t1y which assumes that nonlinear excitation of the kink modes should
lead to the formetion of helical vacuum bubbles penetrating under the
plasma 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 energy 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 gtabilization of the kink modes of a toroldal plasme column obta-
ined at the Suchumi Institute. Using such a stabllizatlion method the
negative voltage spikes disappear completelys

In ppite of the above quite convincing arguments the "bubble"
model appears to be excesgively idealized. There are a number of ex—
perimental evidence indicating that the disruptive instability could
be a more complicated phenomenon in practice. Thus, as we enter a re-
gion of higher densities, i.e. move towards the right hand side boun=
dary /Fig.13/ the coupling between the kink modes and disruptive
instability weakens., The kink amplitude drope /Fig.19/ while the dis-
ruptive instability grows rapidly. It is most likely that the disrup~
tive instabllity iteelf corresponds to a complicated turbulent pro=
cess, Indeed ,in this case the probe field oscillations become
being uncorrelated /Fig.20/. It iz probable that during this tur=
bulent phase there should exist addiftional possibilities for the
energy transfer from the poloidal field to plasma. As the current de-

creases, i.es. q 18 increased, the disruptive instability overlaps




with the beam-plasma instabillities caused by runawaey electrons, thus

the picture becomes more complicated,

5. Runaway elecirons

The lower and upper boundaries of the stability domain in Fig.13
are associsted 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 column displacements similar o those observed in
the presence of the disruptive instability, but with the smaller am-
plitude were observed, It is quite natural to associate these oscil-
lations with beam-plasma instabilities caused by runaway electrons,
The appearance of runeway 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 interasctions with the plasma without being ac-
cumulated to high densitiesdfhen the plasma denslty increases, and the
portion of the runaway electrons decreases their interactions with
the plasma become more weak, Uorrespondingly, the electrons can be
accelerated to very high energies and give rise to violation of the
plasma equilibrium resulting in a contact between the plasma column
end limiter, This occurs on the right hand side boundary II in Fig.21,
Such regimes were referred to as uncontrollable,

The beam instabillities along with the kink and disruptive per-
turbations give rise to a certain kind of plasma activity in toka=

maks. They need further study in detail and complete understanding.



6, Plapma resistivity

The tokamek plasma resistivity is usually larger than that de-
termined by the Spiltzer formula for a pure hydrogen plasma, As the
plasma density decreases this deviation from the classical value incre-
ases reaching factor 30 :Eo:f low densitiess 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 ie also responsible for
this effect.

Ts HF heating and feedback control

control
Development of additional methods of plasma heating and feedback¥

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 hes been shown that HF
heating at the frequencies of the order of electron cyclotron frequen=
cy is an efficlent 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 HF heating
at frequencles close to lower hybride resonance or ion cyclotron har=
monice, Such experimente are being carried out on TM~3 and TO=1, HF
power up to 100 kw was applied to TM=3, It was shown that HF energy
was absorbed by the plasma, the most portion being transferred to the
electrons, When a HF pulse is applied the plasma resistivity becomes
anomalously large at the periphery., This results in a 35% decrease
in the plasma column radius. This effect indicates the preéance of
pome nonlinear collective phenomena during the heating process.

The installation TO~1 has démonstrated the efficlency of plasma
heating at the ion cyclotron harmonics. The same installation showed

10




efficient confinement of a plasma ring in equilibrium using the feed=-
back control.The equilibrium was maintained for 0.3 sec.

8, Finger-r: tokamaks

A new tokamak model of T=9 has been recently put into operation,
Another version of the tokamak installations «~ T=8 with a noncircular
elliptical cross section of a plasma column will be constructed soon.
The cross section of such a shape has been predicted to reach more
high current densities for the same margin of stability. This willper-
mit 'improvement in Joule heating efficiency, Furthermore, the ellip-
tical shape should improve plasma confinement, and provide additional
information on  the instability and transfer mechanisme in plasma.
Experience gained in controlling the shape of a plasma column may
help in designing a divertor.

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-circular plasma column cross section have been alrea-
dy observed,and what is most interesting, we again face the
disruptive instability in this case.

9. Conclusion

The tokamak plasma lives a complex life: various instabilities
and collective processes develop arbltrarily end interact one with
another, Their detalled study 1s 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 stea-
dily, first of all due to improvements in plasma confinement and in-
crease in temperatures, At the present time the tokamaks are facing a

new stage connected with achange to large installations, more perfect
geometrical configurations,and new heating techniques. We may expect

that this stage should advance us stlll nearer to controlled ther—
monuclear reactions.
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FIRST RESULTS ‘ON T.F.R.

The T.F.R. Group*

ISSOCIATION EURATOM-CEA SUR LA FUSION
Département de Physigue du Plasma et de la Fusion Controlie
Centre o Etwdes Nucléaires
Boite Postale n® 6, 92260 FONTENAY - {0 N-ROSES (FRANCE)

I.- 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) experiment has been
so designed as to explore the Tokamak scaling laws up to 400 kA currents and
60 kG toroidal magnetic fields. These parameters, extrapolating the results
obtained in other laboratories / 1_7, should bring about ion temperatures such
that the diffusion regime be dominated by trapped particles. To get further
into this regime, an additional heating using an injection of 10 A equivalent
of 25 to 30 keV neutrals will be applied in a second step. Studying long dis-
charges (up to 0.5 s) is also one of the purposes of this experiment. The impu-
rity influx due to a long interaction between the plasma and the limiter can
indeed considerably alter the energy balance in a Tokamak.

After a short description of the T.F.R. device, the first results obtained
since the start of the experiment (March 1973) are presented. The maximum values
of the current and the toroidal field were 200 kA and 40 kG.

IT.- DESCRIPTION OF THE T.F.R. DEVICE.-=

The main characteristics of the T.F.R. machine are shown on Fig.1l and
listed below.

Table 1 : Basie parameters.
Major radius of the torus 0.98 m
Limiter radius 0.20m
Maximum toroidal field 60 kG
Maximum expected plasma current 400 kA
Maximum discharge duration 0.5 sec
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II.1. THE VACUUM SYSTEM AND THE LIMITERS, -

The vacuum vessel consists of 8 toroidal sections connected by 8 obser-

vation sections for diagnostics and pumping. A1l these elements are welded

together. Each toroidal section is made of 0.5 mm thick inconel bellows bakable

Fig.1 : Plan and elevation view of

1. Magnetic eireuit ; 2. Poloidal

T.F.R.

coils ; 3. Toroidal coils ;
4. Positioning plates ;

5. Precompression hoops ; 6. Vacuum
vessel ; 7.

Observation ports,

up to 450° C. The diagnostic sections

are bakable up to 300° C. Two of them
offer one horizontal and two vertical
viewing ports through which a complete
plasma diameter can be seen. Two others
have been specially designed for a subse-
quent neutral injection heating.

The pumping circuit consists of a prima-
ry pump and two turbo-molecular pumps

in series (600 1/s and 70 1/s). Two
titanium pumps are also used in parallel
with the turbo-molecular pumps in order
to increase the pumping speed between
two plasma discharges. The base pressure
obtained after baking the chamber itself
at 420° C and the observation sections
at 200° C is 5.10='® Torr. The outgassing
rate of the walls is then

2,107 Torr. 1.5.=Y ot

The filling gas is let in through a fast
valve with an indium joint. operated by
a pneumatic system, A 100 mA electron
gun helps to initiate the discharge
breakdown at low filling pressures.

The walls of the vacuum chamber are protected by

. a removable Timiter (radius 17 cm) which can be put on or gut without

opening the vacuum system,

. a main limiter (radius 20 cm) offering a curved surface to the plasma,

. several safety rings (radius 21.5 cm) for an extra shielding of the
walls,
. two plates facing the neutral injection ports.

These four items are made of molybdenum.
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The vacuum vessel is surrounded by the copper shell which will be descri-
bed in another section. Between the liner and the shell a thermal insulation
has been placed in order to reduce the heat losses when baking the Tiner.
Magnetic pick-up coils for the measurement of plasma position modes of deforma-
tion and diamagnetism are imbedded in the thermal insulation.

II.2. THE TOROIDAL FIELD.-
IT.2.1. The toroidal magnet / 2_/.

It consist of 24 pyralene cooled Bitter type coils. Each coil consists
of 35 turns of full hard copper plates containing 0.07 % silver. Each turn is
insulated with polyimide sheets. Copper and insulators are stacked to form a
helix. and clamped between two aluminum plates by bolts and spring washers.

Table IT : Main electrical and thermal parameters.

Current for an on-axis field of 60 kG 35 000 A
Peak voltage 4 000
Peak power 120 MW
Energy dissipated per pulse 150 MJ
Mean power at full load and nominal repetition

rate of 1 pulse every 4 minutes 600 kW
Adiabatic temperature rise 60° C

The coils are cooled by "pyralene" circulating through slots in the body
of the coil. The stresses resulting from the magnetic pressure are supported
by the copper itself. They can reach 10 kg/mm*. The toroidal centripetal force
of 170 Tons is supported by the cylindrical core of the magnetic circuit,
specially designed for that. The mechanical structure of the device is basical-
1y composed of two crown-like pieces between which the whole magnet structure
is clamped with steel braces. This structure is reenforced by wedges bolted
between the coils. This assembly will stand the torque resulting from the
influence of the vertical field on the coils and additional forces that can
arise in case of a short-circuit in one coil.

Ir.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 running
at 1500 r.p.m.. The alternator has been especially designed to deliver a power
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of 120 MW in a pulsed regime. The overall pulse duration is 2 seconds and the
repetition rate at full power is 1 pulse every 4 minutes.

The excitation current is feedback
controlled, which allows a preadjust-
ment of the shape of the current deli-
vered by the alternator. The rotor can
thus be overexcited so as to reduce
the current rise time (Fig. 2).

An optimisation of the alternator para-
meters for this pulsed operating mode
has yielded a very high specific power :
10 MW/t compared to 3 MW/t for machines
of a classical type.

The main characteristics of this alter-
nator are the following °

. Rotor diameter 0.5m
. Rotor length 2.2m
. Overall mass of the
alternator 15 ¢
Fig.2 : Time evolution of current and . Flywheel mass 13.5 4
voltage delivered by the
rotating group to the load. The system started in operation at the
a/ regime with I, : rotor current

: . end of 1972 and the nominal power was
overexcitation v

b/ regime without ‘'c = 0Pt YOLAGE  Leached in March 1973.
overexcettation Ic coil current

II.3, THE INDUCTION AND EQUILIBRIUM CIRCUIT.-
These circuits have two purposes

. to induce the current into the plasma
. to produce the vertical and horizontal fields needed for the plasma
equilibrium.

This is achieved by means of two sets of coils and generators and by a
copper shell.
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II.3.1. The inductor circutit.

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 biased in order to increase

the flux variation during a pulse.

Fig., 3 =

a/electrical diagram of the inducting
etreutt ; b/electrical diagram of the
equilibrium eiveuit ; c/elevation view
of the coils position. 15 and 16 are
the premagnetisation coils in series
with the toroidal cotls.

The induction coils generates the
plasma current and produce a vertical
stray field (roughly in phase with the
plasma current) which is the main part
of the equilibrium field.

The power source comprises a condenser
bank to take care of current rise and
a thyristor in series to maintain the
current plateau (Fig.3). The condenser
bank is crowbarred by diodes. The bank
is divided into four sections :
discharge breakdown, current rise

(2 sections), additional pulse during
the plateau. A safety device prevents
the current rise section to fire
whenever the breakdown of the gas fails.
This prevents large electromechani-
cal efforts along the cuts of the
copper shell. The thyristor rectifiers
are driven by a function generator
that sets the current pulse shape.

Table IV : Parameters of the induection cireutt.

Flux jump in the central core (with reverse biasing) 2Y¥.s

Energy stored in the condenser bank 800 kd
Current rise time with various coupling 20-40 ms
Maximum plasma current 400 kA
Power available for the current plateau 3 My
Maximum length of current pulse 0.5 s
Equilibrium field produced by the circuit 1600 G
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IT.3.2. The equilibrium cireuit,

This circuit compensates the stray fields before the discharge break-
down and provides an adjustment of the vertical field, takina into account
the variation of the internal energy of the plasma, the saturation of the iron
etc ... It provides also a horizontal field. The energy is provided by diode
rectifiers (C, and CZ) for stray field compensation and by thyristor rectifiers
(B1 and 82) fig.3,whose current can be preprogrammed before the discharge and
feedback controlled so that the copper shell be a magnetic surface. The hori-
zontal field is created by an unbalance between the power supplies B1 and Bz.

Table V : Pavameters of the equilibrium eircutt.
Power available for the equilibrium field 3 MW
Maximum vertical field produced by the circuit 400 G
Maximum rate of change of the vertical field 25 kG/s

A part of the equilibrium field can be provided by the copper shell,
1.5 cm thick with 8 meridian cuts (6 of theses cuts are short-circuited by
removable straps). The penetration time for transverse field is about 80 ms
(with straps). In normal operation the shell takes care of the equilibrium for
small, fast displacement of the plasma.

II.4. DATA ACQUISITION SYSTEM,-

The experiment is connected to a computer (Té&lémécanique) through an
optical-electronic link. This system collects different type of data:"industrial"
measurements at 7 kHz, fast signals up to 1 MHz with digital oscilloscopes and
signals from special diagnostics equipped with interfaces. A1l these data are
recorded on a magnetic tape and are available for a subsequent processing. The
computer also works on line giving, for each discharge, the control panel
readings and a preliminary processing of the signals.

ITI.~ EXPERIMENTAL RESULTS.-

The first plasma behaving as a Tokamak type discharge was obtained on
March 28, 1973 after a very limited number of shots (about a hundred).

The data presented below result from a three month experimentation and
are, therefore, of a preliminary character. During these three months, we have
fired a total of 1100 discharges, most of which were aimed only at progressively
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testing and tuning up all the components of the poloidal field system. In
spite of this short experimentation time, we are getting to an already satis-
factory description of the discharges and to significant achievements (200 kA
maintained for 0.25 s). This can probably be attributed to the quality of the
vacuum system. A small air leak has indeed shown the practical impossibility
of getting good discharges in a polluted vacuum vessel with a base pressure
of 107 Torr.

Several types of discharge have been observed. At high density
(nE = 10'* cm~?), the discharge is of the disruptive type with negative vol-
tage peaks ; the plasma resistance is high. At lower densities (ne =2 to
6.10'* cm™*) the voltage per turn drops to 2.5 Volts for a 200 kA current,
and does not show peaks any more for the whole 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 discharge . A third type of discharge was
obtained when the feedback centering of the plasma in the radial 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 only. 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.

A/ Discharges with feedback.--

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 vertical field of
the primary winding. 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 duration (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
optimisation 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 displacement observed during the last 50 milliseconds
(Fig. 4b) is 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 plasma ring is8 piloted. Toroidal field BT = 30 kgauss.

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

b/ the current slowly vanishes ; the magnetie eircuit is
satured and there is a fast dvift of the ring {mwards.

In the course of these preliminary feedback tests. the discharge exhi-
bited two different behaviours without any change in the parameter settings :
the current would 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 displacement coincides with a positive
voltage jump, and an explosive destruction of the plasma against the Timiter
with an intense emission of hard X rays and a shower of sparks. These sparks
are molybdenum particles torn away from the limiter. These explosive discharges
are characterised by weak oscillations on the d signal.

dt
The discharges with a slow decay (Fig.4b) have their duration limited by
the magnetic circuit saturation which causes a slow drift of the plasma towards
the inside of the torus. These discharges are characterised by much larger

oscillations on the a1 signal.

dt
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B/ A typical discharge without feedback : Ip = 200 kA ; By = 40 kG.

This discharge is representative of most of the discharges created
during this three months experimenting period. The current was maintained by
thyristor rectifiers and the equilibrium was roughly established by the shell
an a programmed vertical field. Mo compensation was applied to the radial
field and the plasma had a slow vertical motion. An abrupt end of the current
was always observed. The macroscopic properties of the discharge where very
reproductible.

The filling gas for these discharges was deuterium injected in one
section of the torus. The deuterium fi1ling pressure just before breakdown
was 4.10-% Torr of 92' The limiter used has a radius of 20 cm.

L :
200 ®
a 2 v W0
# 100 4 3
0 i
&
0 i
3 ' TTi0 &  ©ms
3 °? =
> .5 L
0 L by ! 2 ’—-—\-—
; '.
T s [
g e}
e 1 4
o ” g 2
0 100 200 300 ms 0 0o ; 30 me

Fig. § = Typical discharge : Ip ~ 200 kA By = 40 kgauss -

filling pressure : 4 10-%  torm o,

a/plasma eurrent ; bfmeasured loop voltage : c/electron mean density ;
d/l.')B line measured at an angle position of 45° from the diaphragm and along

a vertical diameter ; e/horizontal displacement ; f/vertical displacement.
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Fig. 5 shows the main characteristics of the discharge. The current fast
rise is obtained by firing successively two capacitor banks. 8 ms apart.The

abrupt ending at 250 ms was always observed in these discharges, it is a
characteristic of the plasma, not of the external circuits. The voltage per
turn exhibits a minimum of 2.8 volts at about 170 ms and increases again
afterwards ; this increase 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 drifts upwards. The hard
X-ray is always very large in these discharges and appears very early.

The average electron density always increases with time during the discharge.

IIT.1. ELECTRON DENSITY PROFILE.-

The electron density profile is obtained thanks to a multichannel 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 is a 3 Watts carcinotron.

channels The time evolution of the electron

. I y l ! l . l density profile is obtained by
1 inversion of the Abel integral assu-
ming zero density at the limiter
radius. At 100 ms, the maximum
density reaches nearly 5 x 10 *cm~2.
An outward displacement of the

density maximum is noticeable ; this

rg 103cm3

displacement is of Targer amplitude
than the displacement given by

With time, the density profile

T~ S
; -ZL " ,dél&m, " ,,? becomes more peaked and, towards the
end of the discharge, the refraction
is so large that the two extreme
Fiy. 6 -- Time evolution of the electron channels are unusable.
density profile for the typical
discharge.

29

magnetic probe measurements (Fig.5e).



III.2., THOMSON SCATTERING MEASUREMENTS.-

The experimental set-up involves a 3 Joules, 20 ns ruby laser and a
grating monochromator with ten fiber optics 1ight guides and ten 56 TVP photo-
multipliers. The spatial resolution of the detection system is 3.3 cm verti-
cally and 0.2 cm horizontally. The photomultipliers are pulsed for 10 ps.
Channel 1 (centered on the laser 1ine) is not usable because of the intense
stray light and channels 4 and 5 can be used with great difficulty because of
the D line. One is Teft. therefore, with a total of 7 usual channels. ,

The first measurements suggest an electron temperature of 2 to 3 keV,
100 ms after the onset of the discharge, for a volume element located in the |
mid-plane, 2 cm away (outwards) from the geometrical axis of the shell. 4
Figure 7 shows the time evolution

T ¥ : y ! - of the temperature for two sets of
2l ] i values of the plasma current and the
[ toroidal field (200 kA, 40 kG and
2t g I 1 I 140 kA, 30 kG). These results were
E 1l | II [ | got from a small number of shots
o (an average of three discharges for
0 = 260 i each experimental point), which
" explains the large error bars. They

show that Tg increases with the
Fig. 7 - Central evolution temperature current and decreases after 100 ms.
measured with Thomson scattering.ypic 1ast statement should. however,
b Bp =40 kgauss I - 200KA  p. qualified ; 1t should be kept in
+—= By, = 30 kgause = I mind that the plasma moves during
ggzghgﬁgzg‘is wheimaan nlue Sor 3 the discharge. The measurements
therefore could correspond to diffe-
rent regions of the plasma at each time. .

IIT.3. BREMSSTRAHLUNG MEASUREMENTS.-

The flux of soft X-rays emitted by the plasma is monitored by 4 detectors,
each comprising a 1 mm thick Nal scintillator and a photomultiplier. The whole 4
system is placed in a horizontal viewing port whose vertical plane of symmetry
makes an angle of 135° with the plane of the limiter. In front of each
scintillator are placed two known absorbers ; the measurement reported here are
relative to the two following absorbers : 75 puBe and 50 uBe + 20 pAl. The ratio
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 Tines 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

The evolution of the electron tempe-

T
1

rature averaged over a horizontal
chord 3 cm from the equatorial

Te (kev)

plane is shown on figure 8. This

L " 1

0 100 200 I 300
time (ms) of 1 2 keV at the time 80 ms. From

Fig. 8 - Time evolution of the mean 200 ms on, the measurements are

?ﬁiﬁt§§?ttiﬁﬁ§§§tﬁZisjjjggij_ perturbed by the hard X radiation.

temperature goes through a maximum

ITT.4. MEASUREMENT OF THE PLASMA NEUTRON EMISSION.-

The flux of neutrons emitted during the discharge has 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 possible to count single pulses
due to neutron for the greatest part of the discharge (Fig. 9). A the end of
the discharge, the pulse pile-up

100 T v T T was too large for counting. In order
to determine the source of the pulses

{N/ms)

delivered by the counter, a neutron
absorbing shield made of a 30 cm
thick paraffin layer and cadmium

B T sheets was placed before the counter;

counting rate

under these conditions, the counting
rate in the useful part of the dis-

n " 1

300 charge was reduced by a factor of 10.

The counter has been calibrated in

time (ms)

Fig. 9 - Time evolution of the counting Situ by moving a PuBe source along
rate of neutrons measured by a BF? . .
counter. —J— experimental points. The the geometry axis of the torcida]
curve is deduced from the numerical chamber.

simulation deseribed in § IV.
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Radial profiles at t = 150 ms obtained
by the simulation model : iéelectr'onic
temperature, n, density of electrons,
T, ionic temperature, q safety factor

and n density of neutrals.
Q

where W

the presently available 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
Ng = Np -
We have represented on the Fig 10

the results of the simulation for

t = 150 ms. The values of some interes-
ting parameters are derived from this

simulation -

Energy confinement time T 20 ms
Internal inductance ]i = 1.6
Poloidal B8 B =0.3

we define the energy confinement time
Tg by the energy balance equation
W
dt

W
=Q—_._.
T

is the internal energy of the plasma (including 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 Tike

on S.T. /4.7.

. 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 Teads an important energy
loss by charge exchange (40 to 50 %) in the ion energy balance.

The computed particle confinement time L (4 milliseconds) is Tess than

the energy confinement time

* this is due to the fact that the renewal of the

particles takes place preferentially on the external layers of the plasma
which are cold. We have compared the computed and the measured flux of photons
(DB 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 simulation gives divergent
results with the measurements. The computed voltage continues to decrease
while the measurements point out a significant 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 heating.

We have tried an explanation of these facts by assuming an increase of
heavy impurities concentration in the discharge (molybdenum for example).
With a ZEff continuously 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 typical 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
20F 1 coefficients in the region of the
plasma where q < 1. The radial
profile of the electronic tempera-
10k | ture stops then. to be peaked and

T (ms)

becomes more flattened (the same
- 1 phenomena has been observed on S.T.
where g < 1 /74 /). The time evo-
0 w0 200 3w lution of the energy confinement
time (ms) time Tg in this case is given in
Fig. 11. The superposition of these

Fig. 11 - Time evolution of the energy
confinement time Ty obtained two assumptions, increase of heavy
by the simulation. impurities and turbulence in the

region q < 1, leads to a consistent explanation of the first measurements on

T.F.R. (Fig. 12).

3/. In the typical discharge, the discharge current is suddenly switched
off. In view of finding a possible explanation of this fact, we carried on the
computations with our model after 230 ms by maintaining constant the ratio of
the entering flux of particles to the diffused flux (. 1.07). This assumption
is justified because in the previous phases of the discharge it has given a
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7 good fitting of the computed average
A density of electrons with the measu-
_ 3 ) red densities. By 250 ms the density
g 9| profile becomes rapidly unstable,
Ay 1 because the entering particles get
1k J ionized and stay in the external
layers of the plasma : in few milli-
0 4 -2 2 ' seconds there is a sensible increase
5 Y & '+ of the particle density. particular-
ly in the external layers of the
_ u ‘\___ U //} plasma and the voltage increases
% ak R 7 |Zetf  very rapidly (Fig.12). These facts
; 10 might explain the disruption of the
2t Z R discharge.
F5
1 L t . 2
0 100 200
time (ms)
Fig. 12 - Pig. 12 -

Electron temperature on the axis T (o)
and voltage U vs time t. computed ~by
the simulation with two assumpiions
(inerease of heavy impurities and
turbulence in the region q<1). On the
upper figure T (o) vs t , the dotted
curve corresponds to computations
without the assumption of turbulence
in the region q<l. On the lower
Figure we have also represented

the assumed ngf.
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DIFFUSION IN TOROIDS - A REVIEW
R J Bickerton
UKAFA, Culham Laboratory, Abingdon, Berkshire, England

INTRODUCTION

If we assume that hydromagnetic stability and adequate magnetic surfaces
can be achieved in toroidal systems then the key question is, what will be
the residual (diffusive) rate at which particles and energy can cross the
magnetic field to the wall? This question can be further subdivided; what will
be the rates if the plasma is assumed completely stable with only Coulomb colli-
sions and the thermal level of plasma waves as the contributing mechanisms?
What will be the rates when instabilities are included, particularly the various
trapped particle modes to which toroidal plasmas are prone? When it is recalled
that ultimately the answers to these questions are required for a toroidal plasma
with long mean-free path, B ~ 10% and with a significant fast (alpha) particle
production rate through fusion reactions then the task appears daunting.
Clearly definitive answers will only be obtained by experimental tests on an
adequate scale. Such tests will be expensive and time-consuming; in the mean-
while we must increase our understanding of the containment in existing machines
and of the underlying theory.

In the face of such complexity it is natural to look for general
answers from thermodynamics. This has been done, particularly by Fowler(l),
who assumed that the free energy of a confined plasma went into fluctuations;
these fluctuations then leading to enhanced plasma transport. The upper
bound on the particle diffusion coefficient found in this way is,

ckT (1)

-~
D, < o oR

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

nature and correlation of the fluctuations. Unfortunately we are interested
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in the precise value of g, requiring @ < ~ 2 x 107" for an economic toroidal
system(z).

Having failed to get much comfort from thermodynamics, one is then forced
to return to the study of the problem in two parts - the classical loss rates
and those produced by fluctuations.

The classical diffusion of plasma across a system of straight magnetic
field lines was first discussed about sixty years agn(ﬁ). Note that the cross
field diffusion of a fully-ionized plasma has a special character. In a noraml
diffusive process the diffusing particles move through a fixed background of
scattering centres, but in the case of cross-field plasma diffusion the elec-
trons, for example, scatter off the ions which are themselves diffusing at
the same rate as the electrons. Pach charge species crosses the magnetic
field at the same rate due to the equal and opposite frictional forces between
them, thus considering the electrons in a plane case with a density gradient
in the y-direction and a magnetic field in the y-direction, plasma resistivity

7 » one has

F
S 3 gt
V- eB, ) Fy = Cendy
.o _dn _ dn  (Te 4+ Ti)
JYBZ T odx (Te + T3) ~ V=N B;
T Ti
Di=n(—§%) - (2)
Z

The diffusion rate can also be derived from energy conservation, since in
the absence of external driving fields the work done by the expanding plasma

must equal that dissipated by the confining current, i.e.

oy dn (Te + Ti) dn2
- V&(Te + Ti) =i 2 = { e ey R g

¥ B, dx.
dn (Te + Ti ;
e )

These simple calculations illustrate two basic principles which apply not only

to classical diffusion, but also to fluctuation driven diffusion. The first
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is that particle flux across the field can only be the result 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 antomatically satisfied by any rigorous calculation of
classical diffusion but in the case of fluctuation-driven losses usually only

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

TOROIDAL GEOMETRY

A symmetric toreidal system has only one ignorable coordinate (@) com-
pared with two in plane and cylindrical geometry. The first consequence is
that it is a non-trivial matter to find a self-consistent plasma equilibrium in
a tor?s. Table I shows the assumed equilibria in various existing
theori:;?) Evidently there is as yet no model which treats a self-consistent,
long mean-free-path, collisional equilibrium even at low-g, let alome the values

(8)

of ultimate interest. Thus present numerical calculations are restricted

to the use of toroidal transport coefficients in self-consistent calculations
assuming cylindrical geometry.

The second and related consequence of toroidal geometry concerns the
restrictions on particle motion. The conservation of canonical angular

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

A ) = constant

R( +
R P

©Q

oo

where R = Ru (1 + 5@!33 8), H$ is the particle momentum in the ¢ direction
and Aw the vector potential of the magnetic field in the @ direction.
Combining this with the conservation of particle energy leads to the so-called
Tamm(T) theorem that the maximum radial departure of a particle orbit from the
magnetic surface is

6 - VC7
MAX T eBy "8

=]

i.e. the gyro radius in the poloidal field cowpoment only:
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If to these constraints is added the additional adiabatic invariant

M = constant, then the maximum excursion is reduced to(g)

6MAX = 5% aB
this excursion being that for a particle just trapped in the toroidal magnetic
field.

The full neo-classical theory of diffusion in a plasma toroid(s) takes
these orbits into account and in particular the collisional interaction between
trapped and untrapped particles. In the short mean free path case these effects
are negligible and the loss rate is dominated by the resistive dissipation of
the currents necessary to give plasma equilibrium in a torus. The results
may be summarised as follows:- (see Fig. 1)

(9)

Short mean free path

jo - - dnk
R, . 1 T T dr
Aoy <</ D =D (1 +¢a) o d_nﬁ
b =-Grzp e 6
[
Intermediate mean free path
1
R 3 mf kT E 1) ; dn kT
3 <het BETs DL=(“T9)ea_=B¢(m) F) %--=n
an € her

0<jlf<_dr By

Long mean free path

j oo
T Tdr By

R 1 o
Aei ™ g Dl_Do(l"'.;"‘s%) . _ % dn kT
Ju_ 8 (h‘Be

* where Do is the cross-field particle diffusion coefficient in a straight
system (having B = Bp). For thermal conductivity similar results hold with
Xi~ (u/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 this to be,

m, dv
T § g (1 v coneP)

=BBI‘B+(n(E¢p-—n;jq))(1+£ cos gF )
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where TB is the particle flux across a magnetic surface and the averages are
taken over a magnetic surface. In steady state diffusion the term on the left-
hand side is zero since 2;? = 0 and the balance is between the two terms on

the right-hand side.

In the short mean free-path (Pfirsch and Schltiter) regime the dissipa-
tion is entirely ohmic due to the containing current, and the momentum balance
in the @ direction is maintained by the

(i (1+€ cos BF)
term despite the fact that §dejtD =0 - i.e. there is no net toroidal current(ll?
In the long mean free path case the dissipation is mainly due to magnetic

(12)

pumping of the electrons ' as they encounter a modulated magnetic field in
carrying the diffusion driven current j, . The momentum balance is satisfied
by the frictional force due to this net current density Jjp = i, round the
torus. This diffusion-driven current is a consequence of interaction between
trapped and circulating particles. A full treatment including all cross-terms,

heat fluxes etc. has been given by Rosembluth et 91(13? For spatially uniform

and equal tewperatures they find,

1 (dpdl‘)
gy = - 2.44 (YR)2 B,

With practical valves of fﬁa,,ﬂ, this leads to fg = 1, a value too low for an

(14)

economic Tokamak system unless q = 1. If the pressure gradient is the result
of a temperature gradient rather than a demsity gradient then the result is
much less restrictive.

NON-SYMMETRIC SYSTEMS

In non-symmetric systems such as the stellarator there is mo ignorable
coordinate and engular momentum arguments cannot be applied. Indeed it has
been shown(ls) that there are particle orbits (super-bananas) which can depart
from a magnetic surface by a distance totally unrelated to the gyro radius in

either the poloidal or toroidal field. However, at high enough collision rates
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these orbits are unimportant and then the diffusion takes place as though

the system was symmetric with a mean poloidal field(iﬁ’lT)

Be=gal}p
According to this work the diffusion driven current is also unaffected, .

iRt St patak Son Beem lapulnl oh.

FLUCTUATION INDUCED DIFFUSION

I'rom the momentum equation we can say that if fluctuations are to increase
the rate of particle diffusion then they must result in an equal and opposite
toroidal force on the two charged species. This is an application to toroidal
geometry of a principle first emphasized by’Kﬂdumtsev(lg). However it is
interesting that a high frequency instability which only increases the
electron-electron collision rate can change the particle diffusion by changing
the diffusion driven current. Thuas consider a long mean free path case in

neo-classical theory and artificially increase the ratio vee/%ei then one

finds
P D nk?
Jn = y: B = n
By B,

i.e. the toroidal current goes to the Bennett value required to contain the
plasma in a pinch without By , while the diffusion coefficient goes to the
pseado-classical value(ao). This effect ceases when the electron-electron
collision rate is such that they are not trapped, the diffusion rate saturating
at the intermediate value. (See Fig.1). Thus in this model enhancing the
electron-electron collision rate through high frequency fluctuations can
increase the electron thermal conduction rate without 1limit but only serves

to increase the particle flux to the intermediate value. However, most
attention has been given to low freauency instabilities which ecould increase

the effective ion-electron interaction(20’21)' This gubjecy 14 too ‘complex

to review here.
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FIG.1
EXPERIMENTAL EVIDENCE

What is the experimental evidence that classical or neo-classical diffo-
sion ever occurs in practice? Table II lists the main parameters of these
experiments in which detailed confirmation of classical theory has been
claimed. Two are stellarators and two buried-ring devices. In the case of
the stellarators it should be emphasized that many other machines not disting-
uished from these in any obvious way have not shown classical containment.

In the Wendelstein IT experiments(22)the barium plasma was maintained in
steady state by thermal ionisation on a hot ball in the centre of the plasma.
Containment at rational transforms was poor but between these resonances con-

" tainment in agreement within a factor é with that expected from the Pfirsch
and Schliter theory was obtained. The density was varied over a decade but
the magnetic field by only ~ 50% and the plasma radius 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 is relatively high (6 ~ 0.1) and

the containment of prlsed plasmas has been studied over a wide range of
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mean free paths(za). It proved difficult to vary single parameters indepen-
ently but on a universal plot of T/$E versus %@Qei the results showed remark-
able agreement with the predictions of a theory modified to take account of

the large ion-gyro radius (pie > ) (TP5= containment time predicted by Pfirsch
and Schltiter). However, the diffusion driven current which should accompany
the neo-classical diffusion was not found, throwing doubt on our understanding.

In the two buried ring devices By > By and so they can never test criti-
cally the neo-classical theory which shows the strongest effects when Bg << By.

In the PM-1 Levitron(24)the confinement time is observed to follow classical
scaling but absolutely 5-10 times below the predicted level until a critical
number of Bohm times is reached,after which the confinement scales like Hohm.
The maximum confinement observed corresponded to 300 x Bohm when EtP/Bg B
Higher values give poorer containment as do lower omnes, although in the latter
case flute modes are expevted and seen.

In the San Diego octopole experiments full confirmation of the tramsport
theory from the Pfirsch and Schltiter to the banana regime is claimed(zﬁ).
However, because of the small ratio between By and By the difference in
loss rates in the various regimes is only ~d.

Thus we must conclude that we do not have a convincing experimental
demonstration of neo-classical containment theory. In the only case where
this might have been obtained (Proto-Cleo) am essential prediction of the
theory was not confirmed. The results on FM-1 indicate that in a levitron
with Byp >> By instabilities would make such a confirmation impossible.

Much work has been done in applying the neo-classical theory to Tokamaks
Duchs(aﬁ) has listed the various respects in which the resulting predictions
differ from the observations:-

(i) skin effectzpredicted but not observed
(ii) temperature profile - again skin effects predicted but not seen

(iii) density profile too peaked in model
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(1v) E, field predicted 20-30 times lower than
measured
(v) perticle and energy containment times
predictedMIO2 longer than ohserved .
In this situation a variety of recipes have heen used to
modify the coefficlents to take account of instarilitles.
These reclpes are of course not unique, and in the arsence of
stronger theoretical backing they can only be evuluated by their
success 1ln predicting the performance oi the larger machines T-L0U

and PLT which will extend the parameter range.

SUMMARY .

(1) The theory of claseical containment in torolds has
undergone a dramatic revision in the lest few yesrs to take
account of trapped particles. The consequence 1s a substantisal
reduction in the erpected containment times.

(11) There is some evidence to support this theory from
experiments on gystems with vacuum fields such as multiooles
and stellsrators. However the evldence is not ccnclusive and
is in any case limited to low temperature plasmas.

(111) In driven systems such as tokomaks the ohserved
contalnment properties hear little relation to the neo-classical
theory. Particuler discrepuncies ure that the theory gives the
wrong'valueihr the radial particle flur while the obeerved thermal
transoort due to the electrons is a2 orders larger than the
theory predicts. Ambng possihle erplenations for these
diserepancles are :-

(a) lack of adequate self-coneistency in the theory
when applied to driven systems.
(h) hydromagnetic instahilitles

(¢) high frequency instabililies giving enhanced
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thermal transport.
(d) low frequency instabilities inecreusing particle
tlures.

le) tailure to form magnetic surfaces.

Evperimentally trese questions will be answered hy evtending

the range of parameters, in particular by ilncreasing the

evperiments, e.g. detailed mewusurements of fluctuating quantities A

i
discharge current, and by more searching diagnosls of ‘evisting
inslde the plusma.
|
I
I
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TABLE II

EXPERIMENTS
R r n 'F T T
q -2 e /
(CIIIE) (CIIIS) (CIJJS ) (EV) (SECE) TB

W II ba. 50 4 5 10° 0.18 o ~ 102
STELLARATGR
PROTO-CLEO ) -
el e 8 40 4 3 102-1012 ~ 2.0 ~5x10”2 ~ 10
Bl-1 150 ~ 50 0-0.3 1610_1012 0.1-1.0 1 < 300
LEVITRON . «del ~ ,
SAN DIEGO 400 .~ 100 0-0.3 1020 0.05-1.5 0.1 ~ 102

OCTOPOLE
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TOKAMAK HEATING BY NEUTRAL BEAMS AND ADIABATIC COMPRESSION
H. P. FURTH
Plasma Phxsics Laboratory, Princeton University
Princeton, New Jersey 08540, USA

"Realistic" models of tokamak energy confinement strongly
favor reactor operation at the maximum MHD-stable B-value, in
order to maximize plasma density. Ohmic heating is unsuitable for
this purpose. Neutral-beam heating plus compression is well suited;
however, very large requirements on device size and injection power
seem likely for a DT ignition experiment using a Maxwellian plasma.
Results of the ATC experiment are reviewed, including Ohmic heating,
neutral-beam heating, and production of two-energy-component plasmas
(energetic deuteron population in deuterium "target plasma"). A
modest extrapclation of present ATC parameters could give zero-power
conditions in a DT experiment of the two-energy-component type.

I. Introduction

Classical or pseudoclassical energy confinement in tokamaksl

would imply that nrt is independent of plasma density. The heat-

E

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

E
can then be minimized conveniently by going to low density -— and

2,3 On the other hand,
scaling laws based on trapped-particle instabilities! imply

nt, « nz , and therefore strongly favor operation at the maximum

correspondingly long energy confinement time.

density consistent with MHD limitations? on B .

Some familiar theoretical (or semi-theoretical) models1 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 as a function of space-averaged Te , for a
¢ B Bt/SO kG
= 1, aspect ratio parameter A = R/3a = 1, poloidal electron beta
B Zoge = 1. PFor

pe
different values of I, b each line segment

E
tokamak current I = 1 MA, toroidal field parameter b

BwnTe/B; = 1, and effective ionic charge

g B Bpe and Zogg v
should be displaced as shown by the respective arrows; the length of
each arrow represents a factor-of-10 increase in I or its coeffi-
cient. (Lowest practical aspect ratios R/a ~ 3 are favored, since
they maximize I ; for safety factor gq ~ 2.5, and T, ~ T, one

then has B -~ 0.0368pe.) The diagram of Fig. 1 should not be taken
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too seriously as a source

of quantitative predic- i lﬂﬂw?hJ"fw
tions about confinement, i : - REACTOR
but it will serve to 1 m;§\;fifiﬁg~
orient the present discus- ) LAWSOK
. . 10|
sion of the tok?mak heating | — 1\3 3
problem. For simplicity, _ 0 5TE§\:
the discussion is special- ﬁ il BTG Gomp.
ized to tokamaks of circular EJD e B 0
minor cross-section, though o} "
vertical elongation has g O MODEL €
important potential advan- i
tages. e émv 7;|Lv okev 100kev

Ohmic heating in the

Fig. 1., Illustration of hypothetical scaling
presence of Bremsstrahlung laws in relation to Lawson diagram.
cooling and K times pseudo-

classical energy transport would imply

1 2, -
Boe = 3 [K+ (1/1.6)7]

1/2 (1)

where I is in MA. (The result is independent of Z ) For large

tokamaks, the Bpe—values given by Eq. (1) would thus ?iil well below
the permissible MHD limit Bpe £ R/2a ~ 1 — even if K were not
large and if there were no line or synchrotron radiation losses. 1In
the context of Fig. 1, we see that for pseudoclassical nTE—scaling,
a low Bpe—value does not matter; however, for the probably more
relevant trapped-ion-mode scaling, the Bpe-value matters greatly.

To offset the reduction of BPE from 1.0 to 0.1, would require an
increase of I by a factor of 3.2 — corresponding to a probable in-
crease of 15-20 in device cost. The following discussion is there-
fore oriented towards the realization of Bpe-values of order unity
(B-values of ~4%), by non-Ohmic heating methods: specifically, high-
powered neutral-beam injection and adiabatic compression.

I1. Adiabatic Compression

Adiabatic compressions_g occupies a unique place in tokamak
heating technology. 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 advantaqes.l0 Some scaling
laws for adiabatic compression of well-conducting tokamak plasmas

at, respectively, constant R or constant B are given in Table I.

2
Experimentally, the PRRLE
compression of the ; ;
B =~compression, R-compression,
tokamak discharge in Constant R Constant B,
either minor6 or major9 L. -1/2
. i di
radius appears to func- | nor radius a e €
. Major radius R constant C_1
tion well. Present=-day 5 ”
; . Densi
compression experiments eRELEY W 04/3 C4/3
are somewhat too small Teperature ¢ £ &
y i i3 t c
to give good adiabaticity Flosmy Emrent I C:;g Any 1/3
g €
(i.e., they do not ocbey Phame, Bp e
~2/3 4/3
Plasma B c c
T << 1.); even so, t
comp E
Safety factor g constant constant
the plasma parameters -1/2
. . ti
obtained have been quite BEpHRt) ¥atle s e ¥

satisfactory. 1In the ATC (Fig. 2), compression of an Ohmically-

heated plasma gives peak values® n ~ 10t4en™3, T, ~ 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-
compression in the ATC
ADIABATIC TN COmRRESI0K permits exceptionally

high particle and energy
TOROIDAL FIELD COILS (24]

densities to be reached.
RAIL LIMITERS
POLOIDAL FIELD COILS The most useful
cv?‘lluﬁ\ltu M:Ilﬂ‘ stieL

AW CHANE type of adiabatic com-

PONT CROSS 'ONE OF b,

pression for practical

1o ruses s

thermonuclear purposes
NEUTRAL -~ \] i INITIAL OHMIC-HEATED PLASMA
e X k 1 appears to be the com-
COMPRESSED PLASMA

pression in R at
Fig. 2. Schematic of ATC. Neutral beams are fixed B

. . 4 rather than
tangential to torus magnetic axis. ;
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the converse: both because it gives the most appropriate final
plasma parameters (high current, high B8, low aspect ratio), and
because it avoids the necessity of pulsing the very large energy
contained in the toroidal field. Considerably less optimism about
energy confinement is required to envisage ignition in a larger
device of the ATC type than with simple Ohmic heating.l0 Nonethe-
less, the technique of Ohmic heating plus compression over practical
ranges of R does not exploit the maximum B-values permitted by MHD
considerations.

The use of irreversible compressionll in R by a rapidly
modulated vertical field (Tcomp 2 Tii) would in principle permit
continucus heating to high B-values. BAn extension of this technique
to strongly R-dependent vertical fields12 appears to enhance its
engineering feasibility. Other high-frequency technigues — ion sound
or cyclotron heating,13 and heating at the lower hybrid frequency A
— also appear promising, especially when used in conjunction with
adiabatic compression, which lowers mp and W, in the precompres-
sion plasma, and multiplies the effective input power. The present
discussion, however, will focus on the possibilities of neutral-
beam injection, alone or in conjunction with adiabatic compression.

III. Neutral-Beam Heating

The injection of toroidal plasma with energetic neutral beams
has long been a theoretically attractive possibility: in a closed
system, the beam need not build up the plasma density, but need
merely serve as a source of heat: a single injected particle can
provide the thermal energy of 10-100 "hot" plasma particles. The

15,16

advent of multi-ampere neutral-beam sources with energies in

the range 10-30 keV has now made neutral injection a practical
experimental approach for tokamaks.z']'?'l8
Initial beam-injection experiments on the ATC device19 (Fig. 3)
have made use of a 30-45 kW, ~15 keV beam, from one of two sources
of ~70 kW maximum capability each, which were developed and built at

the Lawrence Berkeley Laboratcry.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 plasma ions, these injected powers are competitive

with the 50-100 kW input from electrons to ions in present-day
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d 0 BEAM ON
Ohmic-heated tokamaks. qook 14KV + BEAM OFF ARC
i R 254 ) HBEAM INTO H PLASMA TRy
Sources with individual Vi, 5 BEAM SYSTEM
VALVED OFF

ratings approaching 1 MW are
3001
now being developed; their

capabilities should be well (W?L

suited to the heating re- e

quirements of next-generation

tokamaks. 100k
_ To obtain sufficient BEAM ON BEAM OFF
trapping of the injected beam 05 s L 7 o
in a tokamak discharge is not TIME (msec)
difficult, owing to the high Fig. 3. Hydrogen beam injection into pre-

compression ATC hydrogen plasma, with T ~ 700

ionizing power of the plasma eV, n = 1.5+ 1013cm=3, and I = 60-70 kA®

target. (For tangential

injection into ATC, for example, essentially all the beam is trapped
— though not all into contained ion orbits.z) The real problem for
tokamaks is excessively good trapping, which will force the use of
inconveniently high beam energies (>200 keV) to reach the central
plasma regions of large future devices.3 The penetration problem
can be solved, of course, by envisaging operation at low densities,
but this approach requires almost the same degree of optimism about
plasma energy confinement that is required for Ohmic heating to
ignition (see above).

The confinement of injected ion orbits in present-day tokamaks
with currents of ~100 kA (60-70 kA for precompression ATC) is rather
poor even for $15-keV particles. Tangential injection is, in fact,
a necessity, since most of the trapped-particle orbits would leave
the plasma. (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 problem will be eased
greatly in future tokamaks at the 1-MA level and beyond. Another
hypothetical source of trouble is the induction of local or global

20

plasma rotations by the injected beam momentum. At present power

levels of the ATCl9 and CLEO21

evidence of either velocity-space or rotational effects.

experiments, there has been no overt

Following the trapping of a neutral-beam particle into a con-
fined orbit, the resultant energetic ion slows down by collision




with the plasma particles, or is lost by charge-exchange (and
possibly retrapped before leaving the plasma). For injected ion
energy W =~ 15Te , the rate of energy transfer to electrons and
ions is equal; at higher energies, the heating of electrons pre-
dominates. In large tokamaks, this consideration is unimportant,
since the nt-value 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,lg is of order
10 msec; since chgrge—exchange times in a typical neutral atom

hiC
cm

background of ~10 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 actually lower the power input
into the plasma ions!) Since the slowing-down of injected ions in
large tokamaks of the future will be in the 100-msec range, it is

8 3

fortunate that neutral atom densities well below 10°cm are ex-

pected on the interior of these plasmas.

19

The total plasma ion energy rise in the ATC experiment 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 expectedz'zz:
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, R = 135 cm, B = 50 kG), fairly large heating powers would
be required to reach the Bpe ~ 1 regime. About half a megajoule
of energy would then be stored in the plasma; the required power
input into the plasma particles would be of order 5 MW. At an ap-
propriate injection energy for beam penetration (~50 keV), the
efficiency of neutralization for positive source ions would still
be moderately good (50-60%). A total input power of 10 MW at the
ion gun might thus suffice to give the desired plasma f-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, which threatens to become a source of intolerable

plasma impurity levels for tokamaks with keV-range ion temperatures.z3




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 neutralization
efficiency for positive ions becomes small. 2 second problem has
to do with the uncertainty regarding the minimum plasma size re-
quired to meet the nTE—criterion. If confinement scales with tem-
perature in the manner illustrated in Fig. 1, a tokamak current
of ~10 MA would be sufficient, corresponding to a plasma energy
content of ~300 MJ, and a heating power of ~100 MW deposited into
the plasma particles.

IV. Compression of Injection-Heated Plasmas

In the ATC experiment,19 the moderate ion temperature incre-
ments of 30-50 eV produced by neutral-beam injection at 30-45 kW
can be amplified ~3-fold by compression. ATC data taken in the
preheating phase are still insufficient to establish the functional
dependence of Ti on injection power: If the dependence is roughly
linear, then the total ATC ion-heating capability is eguivalent to
~3 times the maximum preheat injection power, i.e., about 400 kW.
If the dependence is weaker than linear, the equivalent power of
injection plus compression would be increased substantially.

There are several other potential advantages of compression
in the context of injection-heating larger tokamak plasmas. The
problem of beam penetration is solved by injecting into the pre-
compression plasma, where the product na is reduced by the factor
(Rl/RO)3/% Furthermore, since the compression amplifies the initial
energy input by the factor (RO/R1}4/3 , the energetic efficiency of
the source becomes a far less critical consideration in the over-all
energetics. The impurity-evolution problem is not so severe in the
precompression state, and one can hope to maintain good purity at
least transiently in the compressed plasma by keeping it from making
wall or limiter contact.24 Finally, plasma decompression at the end
of the cycle has the attraction of recovering the energy of the
plasma (and charged reaction products) with an efficiency
1- (Ry/R)) ¥

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

This is of appreciable interest in regard to re-

terminating a larger tokamak discharge in a harmless fashion.
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The principal draw-back of compression (of the ATC-type) is
the added magnetic field volume required by the plasma motion:
the total toroidal field energy, however, would be enhanced only
by factors of 2-3 in an optimized coil system. If magnetic
divertors must be incorporated into tokamaks to solve the impurity
problem, as now seems likely, magnetic energy enhancement factors
of order 2-3 may no longer appear_excessive.

V. Two-Energy-Component Reactors

A conventional toroidal reactor can achieve arbitrarily
large amplification factors for fusion power output relative to
plasma heating power input, by operating sufficiently close to the
"ignition condition" of Fig. 1. Alternatively, it is possible to
envisage useful reactors with quite small 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." 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 reactor operated near ignition is
- obviously preferable to the wet-wood burner as a long-range 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 « Dl/2 , where D is a measure of
the energy transport coefficient; the cost scales roughly as
$ = Ds/4 ; unfortunately, authoritative present-day opinions con-
cerning the magnitude of D in a reactor plasma range over con-
siderably more 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,z7 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 = D3/2. On the other
hand, once D is known for conventional reactors, the dependence
of heating power on size is rather weak, scaling as P « a. The




experimental operation of next-generation tokamaks should 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 = a3) so that the plasma of a wet-wood
burner both can be, and indeed has to be, rather small, even for
injection powers as high as 100 MW. Accordingly, the size of the
required tokamakAplasma target can be estimated fairly accurately
(something like the plasmas in PLT or T;lo). Whether the approach
of marginal power amplification in a tokamak is of genuine economic
intérest, of course, remains an open question. Addition 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. Attainment of a zero-power tokamak
wet-wood burner thus seems more likely to stimulate interest in
progressing to a conventional tokamak reactor, than to supplant it
as a practical goal.

14 are testing some of the

Initial experiments on the ATC
mechanisms of the wet-wood burner approach. A deuterium beam of
~15 keV, ~3 A, was injected into a precompression deuterium plasma

of Ee ~ 600 eV (Fig. 4). The slowing-down of the injected ions

can be determined both from direct observation of tangentially

emitted charge-exchange neutrals ) ' ' BEAM
20F | BEAM BEAM ON
and from the decay of the neutron p ON x1.2X106
5 . 2 1.8f-#1.3X10 1.6x108 2
emission after beam shut-off. ;Ie‘ﬁwmﬁ"m; %
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Fig. 4. Deuterium beam injection into
] 10 -1 AIC deuterium plasma. Ratio of neutron
rate increases to ~5 -+ 10 “sec 7, yield to electron density is roughly con-
stant throughout discharge time.

jection, the neutron production




again somewhat below expectation, perhaps because of noncon-
tainment of the most 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 and dimensions as the compressed
plasma in ATC: n ~ lOlqcm_3, Te ~ 2 keV, a volume of ~lﬂscm3,
and a current of ~200 kA. If this plasma is tritium, injected
with 500 kW of 60 keV deuterons, the result is ~50 kW of fusion
products. The required reaction time of the energetic deuterons
is ~10 msec. Evidently, the charge-exchange and orbit-confinement
problems in ATC would need to be improved somewhat — and, of course,
velocity=-space instabilities25 are assumed to be absent. The
present measured neutron-production density of ~1060m_3sec—l
ATC, would rise to *logcm-Bsec_l , if one were to use a tritium
target plasma and deuterons of 60 keV initial energy. The energetic

11ow™3 to

in

deuteron density would rise from the present level of ~10

the Bp—limited density of ~10130m“3, and the neutron production
would reach the desired operating level of *lollcm_Bsecwl. This

is about the same reaction rate as that in a conventional DT plasma
at n = 10"en™3 ana T; = 5 kev.

A plasma somewhat smaller than PLT could be used to cross the
zero-power reactor condition. If the tritium target plésma has
parameters n ~ 1014cm_3, ﬁé ~ 4 keV, volume ~106cm-3, and is
injected with a 10 MW deuteron beam at 150 keV, the fusion power
output could also be 10 MW (Fig. 5). If one imagines the plasma
thermal energy to be recovered with good efficiency (e.g., by
decompression), this power amplification factor (F = 1) would be
sufficient to "cross the zero-power condition." This example
assumes an energetic-deuteron density of 1013cm-3. The required
reaction time is 35 msec (Fig. 5); during this time, the energetic
deuterons must not be lost, or degraded appreciably by means other
than collision. Thus we have for the energetic particles, the
criterion nt, >> 3 1011cm_3sec. "Zero-power operation" also
implies that we do not require heating of the target electrons
other than by the deuterons. This condition is met, provided that

TEe > 20 msec, or nigy > 2 -lolzcm_3sec for the target plasma.
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To proceed from this point L Vi
to the generation of useful 0
power, the injection power should
be raised and the amplification S A

factor F should be doubled; . —o?
L PROBABILITY OF FUSION <
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this implies a plasma electron
temperature of 10 keV. The
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plasma ion temperature, however
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Fig. 5. Calculated slowing down of
energetic deuteron in tritium plasma.
Mean fusion energy release becomes equal to
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INTRODUCTION

Whenever the quality of a plasmais measured by its ionic temperatu-
re, its density and energy confinement time, it is quite natural that the
present trend in Tokomac research is towards larger installations with higher
total current and higher magnetic fields. These improvements are more and
more expensive and we are not far from the point where we need new methods to
overcome the limits of ohmic heating in conventional Tokomacs. One of these
new ideas is to use ohmic heating in discharge of the Tokomac type with a
non-circular cross-section. The advantage of such a configuration can be seen
on very intuitive grounds. Let us assume that the Kruskal-Shafranov stability
condition yields upper limit for the current density and that this condition
can be written é: = 1 where ¢ is the total rotational transform. If we elon-
gate the plasma cross-section in the vertical direction, we shall need a lar-
ger value of the poloidal field and consequently of the current density in
order to achieve the condition é% = 1. Thus ohmic heating will be more effi-
cient. The density should be larger since it appears from AT C experiment
that the maximum density increases with the heating rate, The final ion tem-
perature should also be larger since it appears to be an increasing function
of the total current. These optimistic considerations have motivated many
theoretical and experimental studies[IJ. In this paper we shall only deal
with the theoretical results and try to put numbers where only qualitative

estimates were up to now.
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THE EQUILIBRIUM
We recall at first that the maximum value of B can be increased in
a toroidal equilibrium by elongating the plasma cross-sections along the ver-

tical axis., For an elliptic cross-section we found[z]

1 b 1-%
By —— (1)
g“ R 1-E

where b is the ellipse minor axis, a the vertical major axis, E= 1-‘25 and R
a

the magnetic axis radius,

Here we do not want to discuss the toroidal effects but only cylin-
drical equilibria pointing out the new features which arise when the cross-
section is elliptical. In the low B case when the ratio of the poloidal

field BP to the toroidal one BT is smaller than one, we can set
B_':?Ae\l!
p z

The toroidal current j(V¥) is much larger than the poloidal one and the equi-

librium equation reduces to
A\f’: iy

If j(¥) = cte, the magnetic surface cross-sections are similar ellipses with
the same ration %. If j(y) =AYy with =0 at the edge of the plasma, the

ellipticity increases as we go from the magnetic axis to the plasma-vacuum

¢ (-1

interface (fig. 1). When j(¥) is constant, the safety factor q = ( e

is constant through the plasma so that the average magnetic shear is zero.
On the other hand, when j(y) =AYy with ¥ =0 at the edge of the plasma,
q(axis)/q(boundary) is a decreasing function of the ellipticity (fig. 2). In
this case, the ellipticity seems to increase the average shear. This last

effect is understandable when we look at the vacuum magnetic field (fig. 3).
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The main feature is the appearance of a separatrix which comes very close to
the plasﬁa in the second case when the ellipticity is increased. Thus the po-
loidal magnetic field becomes very small at the top of the ellipse. It is
impossible to maintain a surrounding conducting shell on a closed magnetic
surface. In the following the conducting shell cross-section and the plasma
vacuum interface cross-section will be taken as confocal ellipses for this

reason,

DIFFUSION

Since in present Tokomacs the ion energy losses seem to behave neo-
classicaly we are going to estimate the ion temperature in a Tokomac with el-
liptic cross-sections by following the neoclassical theory[sj. We assume the

magnetic surface cross-sections to be given by the equations
R-R = pCosgp
z = kpSing

where R0 is the magnetic axis radius. The magnetic surfaces are given by

p=cte and k can depend on p. The flat current case where %% = 0 has been

treated by Straués[4]. The average trapped partifle bounce frequency o, is

o =y [P
a qR RD

where vth is the thermal speed. Then particles will follow the banana diffu-

still given by

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 total ion thermal flux can be estimated in the plateau regime by
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B, at
where V is the plasma volume, g is the safety factor defined by q = R é N
r v
P

where the integral is taken along the magnetic surface cross-section. Equa-

ting [ with the energy influx from the electrons[5] we set

d.0% 10720 ¥ ¢

A.\}T.
i i

where Ai is the atomic weight of the ions. We obtain for the expected equili-

I' =

brium ion temperature

3.,n,2 2

T,X— k p R_Bz 3
q (4]

(2)

1f we can achieve the same value of g as in circular cross-sections Tokomacs,

2/3

we see that the ion temperature will increase like k keeping the other pa-
rameters constant. The plasma volume will have increased only by a factor k.
In order to achieve the same temperature increment in a Tokomac with circular
cross-sections, we should have been obliged to increase the plasma volume by

a factor kz.

Moreover, q is related to the current density j by

Thus for a given q, j is an increasing function of k= 1. Ohmic heating will
be more efficient in the elliptical discharge and we can expect higher possi-
ble values of n. This advantage cannot be computed since we do not understand
electron energy losses but we may expect a favorable effect.

We noticed that the transitidn to the banana regime does not depend

on k. Present Tokomacs are the verge of the banana regime for ions. The tem-
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perature increment given by egquation (2) can bring the ions in the banana

regime where the flux [ takes now the form

4 3/2
i a[ B 2
2 Viz 2 2
4 r k™p
ci
where Yii is the ion-ion collision frequency.
The equilibrium temperature is now given by
b2.2 .2 (o) V2
T =t (—) ’
q R

The ion temperature is proportional to kz. Thus we conclude that we can more
easily cross the banana-plateau transition and reach higher ion temperatures
in a Tokomac with an elliptic cross-section than in a Tokomac with a circular
cross-section and the same plasma volume and magnetic field strength provided
that we can achieve the same value of q in both cases.

The preceding evaluations have been done with the assumption that
dk dlc

a 0. If T # 0, it is an easy matter to include this term in the neoclas-

sical theory and we find
r|dk o kip
(dp £ 0) T 0] x |1+ ok

In the case of figure 2, if k is 2 at the plasma-vacuum interface, k'p.. 0.4
showing a negligible increase in the flux. Even for k=3 at the plasma vacuum

interface, the flux increment is about 15%.

STABILITY

In estimating the advantage of a vertically elongated ellipse from
the point of view of diffusion, we have assumed that the minimum value of q
did not depend on the shape of the cross-section. The results showed the im-

portance of this assumption. This minimum value of q is determined by stabili-

68




ty criterions against macrocospic modes. In the following we shall discuss

the theoretical results in this area.

1.  Ballvoning-juberchangs modes

It is well known that the stability conditions against localized
modes can be studied with the Mercier criterion. For circular cross-sections,
it provides the usual conditions g(axis) > 1 which formally coincides with
the Kruskal-Shafranov limit for kink modes. For a non-circular cross-section

[1], the stability condition depends in a critical way on the coupling bet-

ween elliptic and triangular terms by the formula

(:-2)" 1

(1-5) /2 [“ 3E 2_93}1/2

e[l-%i R b

qlaxis) >

for magnetic surfaces given by

]
L]

Z
2
as

= cte

!
P ol ™o
i
= |§

o Ix
n
=

In order to improve the stability of a vertically elongated ellipse, the tri-
angle must be pointed outwards. On the axis g can be smaller than one without
violating the stability criterion, For instance if E=0.6, i.,e. k= 18on the
axis, a reasonable triangulation leads to 0,7 as the minimum value for q(axis).
From figures 1 and 2 we conclude that the corresponding minimum value of q at
the plasma vacuum interface will be 2.3.

A horizontal ellipse would allow a much more important gain. But we
would loose on the diffusion ground and the kink instabilities would probably
reduce the value of g(axis) to the same range as for a vertical ellipse as we

shall see.
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2. _Kink modes
The analysis of kink-modesza] has been performed in the usual ran-
ge of parameters
B < limiting equilibrium value Bp/BT < 1
b/R < 1

k,b<x1

V4
where E# is the wave-number in the direction of the main toroidal magnetic
field. We recall that in the case of an elliptic cross-section with flat cur-
rent profile, the instability domains were considerably widened by the ellip-
ticity so that the advantages of such a configuration was gquestionable (fig.
3). We have numerically solved the same problem for a current proportional to

the flux function
j =A%, and ¥ = 0 at the plasma boundary

The results of figure 4 show that the instability regions are now quite small
for modes m> 2. The results of figures 3 and 4 have been obtained with a con-

ducting shell which is a confocal ellipse such that = 0.3 where a' is

(a'-a) _
b

the major axis of the conducting shelllcross—section. With such a current dis-
tribution, it appears quite easy to find the same working regime as for Toko-
macs with circular cross-sections namely g=2 at the plasma boundary. As we
have seen before this can still be compatible with the stability with respect
to localized modes on the axis.

In order to understand this strong stabilizing effect of the toroi-
dal current density gradient, we have derived an asymptotic criterion for mo-
des with large azimuthal wave-numbers or equivalently for large values of ngq

where n is the toroidal wave number,

The instability condition can be written
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al ;g

1
0 < m-nq(S) <E§]_]-.

o

where q(S) and j(8) are the values of the safety factor and current density

at the plasma boundary. If j(S) is zero, we obtain

Log(ﬂ!—f‘é)——i)<—nQ m 1

with
szm[ i yup :Hiag dﬂ]_l
g B || Wg Y,

For the case of an elliptic cross-section with parabolic current profile we

find
} 2
h-a b-a
Q = 0.692 [14—3.6(]“_3) +] for b+a«1
and 2
A
2
4 b a
Q=_2 o5 for-g:»l
n 1+-;-

showing that the ellipticity in this case reduces the width of the unstable
zone as found in the numerical results (fig. 4).
We have also studied finite conductivity tearing modes in the same

asymptotic limit. We find as an instability condition
Log( -2 (.S)) < =-mQ
m

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 could lead to fast

destruction of magnetic surfaces at the plasma boundary.
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3.__Axisymmetric modes

In a plasma with circular cross-sections, axisymmetric modes are
found to be marginally stable, The cross-section ellipticity introduces a new
unstable mode. Without stabilizing copper shell, the mode m=1 is always un-
stable and corresponds to a translation parallel to the major axis of the
ellipse. In the flat current case, and when the copper shell cross-section is
a confocal ellipse, we find that the axisymmetric modes are stabilized when
the stagnation point of the separatrix is out of the shell, For a parabolic
current profile j=Ay , the results are plotted on fig. 5 showing a slightly
more severe stability condition., If the copper shell coincides with a closed
magnetic surface, the axisymmetric modes are found to be stable. It remains
to be seen if a few passive rods will be able to stabilize these modes while ma-
king possible the use of the separatrix as a divertor and the penetration of

the external winding magnetic fluxes.

CONCLUSICN

We can now draw the following conclusions

a) In a Tokomac with elliptical cross-section elongated along the sym-
metry axis it seems possible to reach the same values of g as in a Tokomac
with circular cross-section. The main obstacle could come from the localized
modes in the vicinity of the magnetic axis provided that one is convinced that

these modes can really be dangerous,

b) In such conditions the ohmic heating power can easily be increased
by a factor four providing higher electron temperature and helping to balance

radiation losses at high temperatures,

c) Diffusion fluxes are reduced more rapidly than by increasing the

volume of discharges with circular cross-section,

d) The ions will be sooner in the banana diffusion regime where the

temperature increment is spectacular.
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e) The separatrix can be used as a divertor.
f) The only serious drawback seems to be axisymmetric unstable modes
though a copper shell or probably passive rods will be able to stabilize

them.
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THE RF-HEATING APPROACH TO THE IGNITIOM PROBLEM IN LOW-g TORI.

E. CANOBBIO

. Assoclation EURATOM-CEA
Département de Physique du PLasma et de La Fusion Contnolée
Centhe d'Etudes Nucléaires, B.P.§&5
38041 - GRENUBLE - France.

ABSTRACT.Additional non-ohmic heating is necessary to get ignition in low-g tori.
Besides neutral 1njéctﬁon, a number of rf-heating methods are shown to have favou-
rable thermonuclear prospécts on the basis of the known theoretical scaling Taws.
The main areas for future work are indicated by stressing the need of a systematic
experimental investigation of rf-heating under conditions which are relevant to the
ignition problem.

I. Ignition and Heating Methods Other than RF

A feasibility test of the ignition process in Tokamak and Stellarator systems
requires 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) temperature;1p the plasma density, and T the energy confinement time.
Unless 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
Field in Gauss (G), Electric Current in Amps (A), and Power in Watts (V).

Present Devices Ignition Experiment
Ti several 100 eV = 10 keV
-~ 12 =3 1% 3
nPTE ) _ 10.. em-s 1 . > 10°* cnris

Such a progress apparently depends on :

a) increasing the toroidal current I_ from a few 100 kA to a few MA
(in Tokamaks, I ig the plasma current; in Stellarators, Ip is an equiva-
lent external current).

b) increasing the plasma volume by a factor of > 30 by keeping constant the
aspect ratio R/a =4-3 ( R > 500 cm is the major radius, a 2 150 cm, the
minor radius of the plasma). The toroidal magnetic field necessary to have
plasma stability can be < 50 kG in an Ignition Experiment, but it must be




> 100 kG in a full scale reactor.

¢) applying auxiliary (non-ohmic) heating methods as the power released by oh-
mic heating (~ I;/RT;/Z) 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 additional power can already introduce impressive changes in
Tokamaks and Stellarators of high performances, while a much larger amount
of power > 30 MW is necessary to make ignition possible at a density
2 10¥

He consider too optimistic the possibility of 1) getting ignition by ohmic
heating alone below L 3.10'* (which,by the way,would imply T > 10" Tgohm! 274
of 2) enhancing the electrical resistance of the plasma by no current-carrying mi-
croinstabilities etc.., and will focus our attention to point c) above.

Collisional heating by moderate currents (= 10 A) of fast neutral atoms with
sufficiently high energy Eo to fonize uniformly inside a ~ plasma is usually con-
sidered to be the best candidate for additional heating. Since ED scales roughly as
~(a)? , we must have E0 < 25 keV for present devices ,which is almost available,
E0 ~ 50-100 keV for an ignition device , which is still considered to be possible,
but E, ~ 1-5 MeV for a reactor, and this is impossible with the existing injector
technology.

Both the physics of the interaction with the plasma (yet largely unexplored)
and the engineering requirements of the structure surrounding a thermonuclear plas-
ma may well impose additional constraints to this method. Thus it is highly desira-
ble to have other possibilities which do not suffer from the same Timitations.

In our opinion neither the methods implying very low frequencies like a) Adia-
batic Compression and b) Gyrorelaxation, nor the very fast processes 1ike c) Shocks,
d) Turbulence, e) Intense V.H.F. Fields, f) Relativistic Electron Beams, etc....,
which are at present probably the cheapest and most flexible ways to produce kilo-
joules of plasma energy, can really be considered as serious long term candidates
for the thermonuclear goal in low-g tori /7/.

a) Adiabatic Compression, both in the single stage /8/ and in the cyclic ver-
sions /9, 10/ implies at the thermonuclear Tevel exceedingly expensive devices al-
lowing for large R excursions of the plasma (AR > R) and involves dangerously lar-
ge perturbations of the plasma equilibrium.

b) Collisional Heatings at a frequency up to about the i-i collision frequency
also imply substantial perturbations of the MHD plasma equilibrium. In fact from
Schliiter's heating rate /11/

v
wos &b <l (1)
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it follows that in order to have Yy 2 1 5'1, in the thermonuclear case we must have
AB/ﬁ 2 0(1/3), which, by the way, represents an enormous power amout.

c,d) when approaching ignition parameters, exceedingly expensive energy sto-
rage and enormous technical difficulties would be implied by the impulsive appli-
cation both of several kV/cm electric fields for the purpose of Shock Heating
(c E/By > Vaqypyan) @nd also of Turbulent Heating (c E/B, > g the sound speed) and
of several 10 MA toroidal currents for longitudinal Turbulent Heating.

e) Electron Heating above v - 30 GHz is drastically limited by the fact that
CW-power available from single hf-units falls below a few kW as steeply as y=2/2
/12/.

f) REB's can deliver as much as 10° J to a target but are very hard to be in-
troduced in a Targe low-B torus.

The concept of heating by a large population of toroidally runaway plasma e-
lectrons is at present not enough assessed.

2. RF-Heating Methods.

Md-CW power is already available from single rf-units below = 3 GHz. In this
frequency range there is a large variety both of waves which can exist in a magne-
tized plasma and of methods to excite them for the purpose of plasma heating up to
thermonuclear temperaturés. The useful frequency and wave Tength ranges, the corres-
ponding heating process, and the available CW-power from a single unit are given in
the following table, where Vi is the ion (deuteron) thermal speed, the subscript
// refers to the ﬁb-]ines of force, Ve is the ion gyrofrequency, “pi is the ion
Langmuir frequency, and iy is the lower hybrid frequency.

Frequency Wave length Heating process CH=rf power
s Menalllore o gl B e B sl e e
150 kHz 2 km Transit Time Magnetic Pumping
IO, AR . . Mo e | it . O BN -
50-150 MHz 6-2 m Ion Cyclotron and Harmonic Ion
Cyclotron Heating (ICH) 1 MW
W 2= MY n= 1,2
___________________ VPG (SR, eS| PR e o I T N
400-600 MHz 75-50 cm Non-Tlinear magnetoacoustic hea-
ting and Lower Hybrid Resonance 1 MW
Heating (LHR) when hy < 2.1013
1-3 GHz 30-10 cm LHR-Heating v = v, , < v _. when
L= 0.5 MW
ny 2 e, B, > 50 kG ’
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The wave-particle resonance condition is fulfilled in the entire plasma volume on-
1y in the TTMP case . In the ICH case there is a resonant shell of thickness Ax
RV 5

AX = = (2)
X//\)

around the cylindrical surface v n.(R) (n=1,2, ...). If [n] > 2, ICH is inef-
ficient unless the EM-field be amplified near the LHR surface /13/. Since

(“pe/“ce)zz np/105 B < 1/3, this surface is

v V;itr)/(1+(vpe/vce)2} = vsi(r) (3)
If 2 Ve <V§ vpi(a) << v 1.{0), non-linear heating may occur in the regions
where the v = v Bernstein modes are excited parametrically by the magnetoacous-
tic wave /14/. These various processes will be discussed later in some detail.

In all cases the internal energy e of the plasma, is governed by the
transport equation /15/

de/dt = -"P.gv + 3. (E + Vab/c) - divg (4)

where P is the pressure tensor, V the fluid velocity and E the heat flow vector
(viscosity has been neglected). The heating time Ty = e/(de/dt) should obviously
be shorter than the energy 10ss time tp due to divg but Tonger than Teo)y 1N order
to preserve a quasi-thermal equiTibrium:Pik = paik In present day devices Ty <

< 10 ms, while with reactor parameters Ty < 1s.

Perhaps the main technical constraint upon the application of rf-heating in
tori is imposed by the presence of a metallic vacuum vessel which does not allow
for rf-field penetration and which gives also rise to significant rf-losses un-
less the rf-coupling structure be put inside the vacuum vessel.

The coupling structure has to consist of rf-coils .if the vacuum wave length
exceeds the radius of the liner (Ao > 20 cm in present devices; lo > 1min the
case of the reactor). In present devices the vacuum chamber can be made sufficient-
ly rf-transparent by using either insulating sectors or some special all-metal
sectors cut parallel to the oscillating B-field /16/. Then the coils can be located
around the liner. In a reactor the choice of material for the first wall is domi-
nated by mechanical, thermal, and neutronic considerations and the coil: which
should be put inside the vacuum chamber, must be cooled, properly screenzd and in-
sulated /17/, and must be located outside the diverted flux 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 below this is an attractive possibility only for
relatively small size devices but unfortunately not for larger ignition devices !
This conclusion concernes both the non-linear magnetoacoustic heating (Ao ~ 60 cm)
and the LHR heating (AO < 30 cm), the latter requiring the presence of a slow wave
structure Close to the plasma surface to make the plasma interior accessible to
the wave.

3. Transit Time Magnetic Pumping

By imposing w/k,, = Vei << Vp (the Alfvén speed) the radial wave number is
imaginary (ki + k;/ = 0). The radial attenuation is however irrelevant if 2na/A//5
< 1/2. Since, clearly, there is no propagation along §0, the pump field can pervade
the entire torus only if Nc rf-coils are distributed around the torus {NC =
= ZwR/(A///Z)}. The plasma remqins frozen to the oscillating lines of force and
heating is produced only by the pressure term in Eq. (4) 718/, /19/. If Vo1l 2
2w p3/2 (b = E/BO) collisions are sufficient to prevent local distorsions of the
distribution function of resonant particles /20/, /21/. Then a modulation rate
b = 10"% is necessary to double Ti in present devices /22/, while b = 1077 is e-
nough to achieve ignition in large dense plasma traps /5,23,24/ . In both cases
the Eg field at the coils (radius R} turns out to be 100-150 V/cm /25/

Es = T8 Byrka) Reqm)/ ™ (5)

In moderate scale devices where we want to put into the plasma only 100-200 kW
additional power, the power of the TTMP oscillator must nevertheless be as lar-
ge as ~ 10 MW because of the large rf-dissipation into rf-coils and conducting
walls. A much better efficiency can be achieved in large dense plasma devices whe-
re the ohmic 1oss per coil will be less than a few MW for < 100 MW deposited into
the plasma. '

Unfortunately, strong plasma losses were observed during the heating phase in
the first TTMP experiment which was performed on the Proto-Cleo Stellarator /26/.
More recent works /27/, /28/ indicate that the pump out can be reduced substantial-
1y by putting electrostatic screens around the rf-coils. The reason is the fol-
lowing. In the wave frame, the electromagnetic part of the E vector is transformed
away, while its electrostatic part does remain. If the latter has a component nor-
mal to ﬁh , the resonant particles would experience a c Ej /B, drift velocity,which
is nearly constant within a bounce time of the particle in the wave. The resulting
radial excursions may be large and may produce, by a random walk process, enhanced




neoclassical diffusion. Fortunately the selfconsistent electrostatic field ensuring
plasma charge neutrality is essent1a]iy along ﬁ Usually, however, an external e-
lectrostatic field is produced by any many- turn rf-coil. Although evanescent in the
plasma with a decay length of a few ion Larmor radii, this field can produce subs-
tantial 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 Vegs the TTHP
modulation does not couple to low frequency drift - and trapped particie modes.
Finale, although the frequency is close to electron bounce frequency (k//Vti <

< 25% 0%5)‘/2. q is the safety factor) the fraction of trapped particles affected

by th1s resonance is small ~ vbR/r.
An ad hoc TTMP experiment (10 M rf-power, 120 kHz, b = 3%) which hopefully

will settie the question of the pump-out observed on Proto-Cleo, is planned on the

Petula Tokamak under construction at the Grenoble Laboratory /29/. Petula (L, =

= 100 kA, R = 72 cm, a = 16 cm, B, = 15-25 kG) will use a Tiner with A1,05 sections

which allows to study a number of rf-heat1ngson an ohmic plasma with ny = 241819 |
= 100 eV, T, T2 > 3 ms.

4. Ton Cyclotron Heating.

A cyclotron wave with v < L and m > 1 (m is the poloidal angular wave number)
can propagate around a torus and can, therefore, be excited by an rf-structure lo-
calized in one single section of the torus /30/. Plasma heating is produced by the
3.F term of Eq. (4) because 3 // V and k.v = 0 for the cyclotron wave. Incouraging
results have been obtained on moderately dense piasmas in Princeton /31/ and Khar-
kov /32/.

Unfortunately,ICH becomes inefficient in large dense plasmas because the com-
ponent of the electric field which rotates in the same sense as the jons, E , 18
strongly screened by the plasma currents /24/:

Ei/Eior < KyyVei/3ug (6)
if Wi 2 kEC? dee. )2 2.10°48, (7)

On the other hand, ),, cannot be made arbitrarily small because d (the rf-coil-
plasma distance) should be < l/ /2w , otherwise the rf-field incident on the plas-
ma would be reduced by a factor = exp(- an/A//) Hence condition (7) becomes
4 = 108 | i



The efficiency of ICH 1in a dense plasma can be increased substantially in a
two-ion species mixture if /24/, /25/
n <107* +n)
1 (Res) fo, * 8
because then the Ei component can pénétrate more easily into the plasma (in a reac-
tor plasma 3 ion species would be required with HY resonant). The EB value at the
coils is now comparable with the EB value required for TTMP, for the same T value.
This method has not yet been tested. What has already been tested is the completely

different (collisional) heating at the v? = Vo, Ve, Buchsbaum frequency in a dense
(and cool) 50:50 HD mixture /33/.

5. Heating at the Harmonics of the Ion Gyrofrequency.

The nature of the rf-heating processes which are possible when Véi eyt g
€ Vi Vo is dominated by the_Eroperties of the fast magnetoacoustic wave propaga-
ting almost perpendicular to Bo /13/. If the frequency is such that v < v pi(a)
(np(a)< 10%np(0)) cut off and resonance occur both at the very edge of the plasma
radial profile and the fast wave can then pervade the bulk of the plasma where the
refractive index Nj = “pi/Uci > 1. Ifv=2 Vi the ions experience in their own
frame a wave with v = v ; rotating in the sense of their Larmor motion and such

KyVey . :

that E; = —— Etot /24/, /25/. This Ei is much larger than that at v = Vei
u.\z1 > k;/c2 (Eq. (6)) . L is comparable to that produced by TTMP, for the same
field at the coils. Also in this case, the plasma being frozen to the lines of for-
ce, heating is produced by the pressure term in Eq. (4). Incouraging results at
Tow rf-power Tevel have been obtained in straight geometry /34/ and in the ST-To-
kamak /31/. Unfortunately, the ions which are preferentially heated have now small
parallel energy. They gain mainly perpendicular velocity and might escape from a

and

toroidal configuration via banana orbits /7/, /35/. If v > 2 v_. the Tinear cyclo-

tron interaction becomes rapidly ineffective. This is a regret§;b1e fact, for the
vacuum wave length would now be reasonably consistent with the relevant dimension
of the thermonuclear system. In fact the distance from the plasma edge
to the liner is d = 30 cm. So one could think to use some wave guide to inject the
rf-power directly into the Tiner and to employ the plasma-filled vacuum vessel as a
wave cavity. If np(a): 5.10% Em®, Ay should somewhat exceed 50 cm. Inside the

plasma the EM-field would be (very roughly) /13/:
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5 y (k)

Ee = A, T(IH U";Tk-l-—a)' 3 Er(\”) & i Ee{r)/\)ci (8)

where A = const and J  Bessel functions.
Close to the Tinep E "would be

d (ka)
L . 1o
fo = ALY mE g Ay &)
The number of radial eigen modes within the plasma would then be

k,a W
2a pi

n, &= — = 3— ‘ (10)
r m Ao Vei

which can be of order 1 in present devices, but is very large (0(10%)) in thermo-
nuclear machines. Thus, only in the former case one can hope to amplify substan-
tially the EM-field by making Jo(k¢3) =0 /36/, while in the latter case one will
in practice have Eg ~ EB/klg.

In both cases the amplitudes being toc small for linear heating we must turn
to non-linear effects.

The electron drift veloc1ty cE /B may easily exceed v, ; (E.>0.38) T‘fz)
with reasonably small E (< 103 V/cm) on]y in present dev1ces /37/ /38/, where
turbulent heating then occurs as a result of parametric microinstabilities (e.g.a
transverse-current-plasma instability /39/).

For an ignition experiment one should find waves which can be driven unstable
parametrically when CEr/BO << Vyso Following /14/ this is the case of the short
wave-length (ke + « ) jon Bernstein modes if

cEr cEr
1< ok, << (11)
) GJBO ] mEOXD
(AD is the Debye length).

However, in the absence of engenmode amp11f1cat1on. this would again imply
cF.Ié/Bo > wclnkld 2 O(Vti), which is 1ikely to be realized in present day devices.

6. Lower-Hybrid Resonance Heating.

cation and the concomitant wave conversion can be used to heat the plasma. However,
as the rf-power can reach the resonant shell only through a zone of wave-evanescen-

IfV%N 1.(0), the LHR occurs well inside the plasma. Then the field amplifi-

ce (tunnel effect), a prohibitivé]y large vacuum field should exist if substantial

—




heating has to be produced whgn “pi >> Vei unless the field be amplified by the
existence of eigenmodes in the core of the plasma. Large values of the Q factor
(102-10’) can be achieved in practiceronly if the n. value ,Eq. (10), is reasona-
bly small, i.e. if Ao > a which is the case of moderate 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 §0 must be such
that /13/, /44/, /47/

(c k///m)2 -1z 2(“pe/vce)Res. (12)

which means that the wave is radially evanescent in vacuum and in the outer layer
of 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 -~

2 é-deZvae7uce)Re57c . On the other hand the E_ component is amplified in the

plasma by a factor NJ2X _ 10 V{c/vy;)~ 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. This fixes an upper 1imit to the plasma density at the LHR zone

3 | Npeg < 1.3 (10'2)(B/d?)%/° (13)

In order to have Npes 2 3101 , B, ~ 50 kG, d must be smaller than 20 cm | Fortu-
nately, this slow wave structure could be only a few wavelenght Tong, thanks to the
fact that the group velocity is nearly pérpendicu]ar to the phase velocity (which,
by the way,is directed backward) so that the disturb propagates nearly parallel to
36 and may pervade a large portion of the torus.

Also from the point of view of the nature of the absorption meachanism there
seems to be a substantial difference between present generation - and ignition
LHR experiments. Non-1inear heating should in fact be produced in the former case
because CET/BO easily exceeds Vi /48/, /51/,while linear harmonic 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 toroidal aspects of the problem
and/or on the basis of an éxperinenta] determination of the scaling laws in tori.

A 100 kW-500 MHz-LHR experiment is planned on the WEGA device /52/ as a part
of the joint effort between the Grénob]e, Garching, and ERM-Brussels Laboratories
on the problem of rf-heating. WEGA is a high current Stellarator {Ip = 80 kA,
R=172 cm, a = 15 cm, By, 215 kG) which is designed to be flexible enough to study




1) the effects of various RF-heatings on toroidal confinement (n_ = 10%%, T1 =
= 100 eV, T2 2 ms), 2) to establish their scaling laws, and 3) to develop the
necessary rf-heating technology. The LHR experiment will try to assess, in parti-
cular, the role of a slow wave-launching structure.

A large-power LHR-experiment is also planned on the Alcator Tokamak /46/.
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ABSTRACT:

Scyllac research on 5-m and 8-m toroidal sectors, 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.

1. INTRODUCTION

Linear @-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 magneticfield
by means of macro- or micro-instabilities. In view of the end-loss containment
limitation in linear systems the large aspect ratio toroidal @-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[1,2] and 8-meter,
120° toroidal sectors; 2) a 5-meter linear theta pinch with strong magnetic mir—
rors[2,3]; 3) studies of the £ = 1,0 interference force and the MHD m = 1 instabil-
ity with £ = 1 and £ = 0 fields on the 3-meter linear Scylla IV device[4]; and 4)
the development of a feedback system for stabilizing the m = 1 instability[5].
The objective of these experiments, other than the linear Scyllac, has been to
study various aspects of the equilibrium and stability of the high-p @-pinch in
toroidal geometry.

In the Scyllac sector, with a major radius R and plasma radius a, the toroid-

al drift force F_,6 = BBiazlhﬁ is compensated by a combination of £ = 1 helical and

L = 0 bumpy fielgs. The toroidal equilibrium [6,7,8] of this system and the sta-
bility [8,9,10,11] of a straight &4 = 1 or £ = 0 plasma column have been treated in
the MHD approximation. The £ = 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 £ = 0 fields produce the asymmetry in the
sum of the plasma excursions 61 = Bl:llgo ha (1-B8/2) and 50 o -215042B0(1—3) which
is needed to produce the equilibrating force, Fl,O = B(3-2B) B h"a 515013, where
2t/h is the wavelength of the £ = 1,0 fields, Equating the outward toroidal force

to the Fy 0 force gives the equilibrium condition 6160 o 2/(3—28)h2aR. In the
» .
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initial toroidal-sector experiments [1,2, ] with the £:-= 1 helical field provided
by capacitor-driven windings and the £ = 0 field formed by rectangular grooves in
the inner surface of the compression coil, the plasma was observed to take up a
helical toroidal equilibrium for 4 to 8 Bsec in contrast to the case with no £ =1
field where the plasma accelerated immediately to the outer wall of the torus,
Following the equilibrium period an m = 1, k=0 sideward motion of the plasma col-
umn carried the plasma to the wall. Thus the plasma confinement is terminated in
6 to 10 Bksec by m = 1,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) and the 5-m lin-
ear Scyllac have been completed. The Scyllac system is now being converted to its
full toroidal configuration. Results on the sector and on the Seylla 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 = 1, k = 0 instability
to accommodate the technical characteristics of the feedback apparatus (ef. Sec.
III below). The conversion of one-third of the torus to the larger radius has
been completed and experiments resumed in this sector with an 8.4-m coil to study
the plasma equilibrium and stability in the larger radius of curvature, prior to
experiments on the full torus.

In present O-pinches, the plasmas occupy only a small fraction of the coil
radius, Because of this it is anticipated that the m = 1 MHD instability driven
by the helical fields which produce toroidal equilibrium in Scyllac-type experi-
ments must be feedback stabilized. Theoretical studies indicate that with larger
plasma radii (more implosion heating, less compression heating) the feedback can
be dispensed with in favor of stabilization by the conducting wall as in the
staged 0 pinch [12].

Experiments are begimming at LASL to study implosion heating and staging in
theta pinches., Previous theta pinches have performed initial implosion heating
of the ions and subsequent adiabatic compression with a single capacitor bank po-
wer supply. Projected theta-pinch feasibility experiments and fusion reactors
will require separation of the two functions to achileve greater implosion heating
and less adiabatic compression. One experiment will study the implosion-heating
processes, and, a second will combine implosion heating with separate adiabatic
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 loss and electron temperature with plasma length. Results
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of experiments both with and without magnetic mirrors are reported.
1I. EXPERIMENTS WITH £ = 1,0 HELICAL EQUILIBRIA IN THE 5-m AND 8-m TOROIDAL

SECTORS

A. Experimental Arrangement.

For the past two years, Scyllac has been assembled in a preliminary configur—
ation as a S-meter long toroidal sector and a separate 5-meter linear theta pinch
with strong mirrors as shown in the plan view of Fig. 1. The initial Scyllac
toroidal sector [1,2] had a major radius *f
of 237.5 cm, extended through an angle
of 120° 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-BF, 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
ksec, followed by crowbarred waveforms
with L/R times of 250 Wsec. The com-

pression coll inner diameters were in

the range of 14.4 to 20.5 cm and the in~ Fig. 1. Plan view showing arrangement
of Scyllac 5-m toroidal sector

side diameter of the quartz discharge and 5-m linear theta pinch.

tube was 8.8 cm. A 50 kV, 0.9-kJ/m,

f-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 £ = 1 fields were applied by means of capacitor driven, bifilar hel-
ical windings and the £ = 0 fields were generated by annular grooves in the inmer
surface of the compression coil,

A second set of experiments was performed in shaped compression coils in which
the flux surfaces of the £ = 1 and 4 = 0 fields were machined into the inner surface
of the main coils. The advantages of this £ = 1,0 configuration are: (1) a con-
stant ratio of both the £ = 1 and £ = 0 fields to the main field in time; (2) an
improvement in the uniformity of the £ = 1 and £ = 0 fields; and (3) a technical
simplification of the generation of the £ = 1 and £ = 0 fields. A disadvantage of
this geometry is the fixed ratios of the £ = 1 and 4 = 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 L =1,0




equilibrium fields are generated by the shaped inner surface of the compression
coil. The design product of these fields was determined through the sharp-boun-
dary equilibrium relations [8] to give B£=l B£=0/B§ = f(B,ha) haZ/R. A graph of
the equilibrium field-product ratio, B£=l B£=0/B°, for 8 in the range of 0.6 to
0.9 is given in Fig. 2 for plasma radii in the range of 0.6 to 1.0 cm. Equal

magnitudes of B£=1 and B were chosen;

£=0

this produces a bumpiness 50 of the plas- E:mxn:
ma column which is small compared with Jﬂ

the helical displacements 51. The ex— gg-mmn
perimental points on Fig, 2 show the “?-amé
agreement of the observed toroidal equi- E?.mm

librium with sharp boundary theory in
-0.014]

the 5-m sector, (Measured radii = 0.7-
0.8 cm).
The designs of the shaped coils

Fig. 2, Values of By , B£:0/302 pre-

were determined by calculating the shape dtitsd by ehscp Boundacy

of the magnetic flux surfaces for the re- theory for plasma equili-
brium in the 5-m toroidal

quired vacuum fields from dEctiE, ExpeEimental SedTEE

B/B, =€, (1 -FcosB)+ Vs, @) By By_o/B, =-0.0064;
B=0.,8, a=0.7 cm; B =
where 0.84,a = 0.8 cm) are shown
for 45 and 50 kV bank vol-
h = i B =
[ (B£=1/Bo) [2 Il(hr)/h] sin ( hz) oty
+ (B£=O/BD)[IO(hr)fh] sin hz (2)

+ (Bv/Bo) r sin 0 + (Bl,Z/BO) sin (8 - 2hz).

The small vertical field Bv and B field are required for equilibrium according

1,2
to the sharp boundary theory. The amplitudes of these fields are given by

Vo T1,2 . Tae18=0
B~ B 2 . 3
o o 4B
o
The Bl , field varies in space as sin (0-2hz), and produces a small ellipticity

in the plasma cross section, in contrast to the £ = 1 field with sin (6-hz).
Each wavelength, A lﬂfﬁl'g cm, of the 8-m sector was divid~d into 330 steps with
1.25 mm/step and flux surfaces calculated for each step. A vertical field
amplitude of Bv/B0 = 0.00168, 447 larger than the theoretical value, was used to

give flux surfaces at the coil wall which have circular cross sections for




simplicity of machining., This larger value of vertical fileld shifts the inner
flux surfaces 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. Results.

During the past year an extensive series of experiments on the Scyllac 5-m
toroidal sector was completed. These included nine variations of £ = 0 and £ =1

magnetic fields to provide toroidal equilibrium against the drift force F The

value of the £ = 1,0 equilibrium fields in the 8-m sector experiment was gcaled
from the 5-m results, In both the 5-m and 8-m experiments with deuterium filling
pressures of 10 to 20 mTorr, the average plasma B on axis is 0.7 to 0,9, the ion
temperature 0,8 to 1,0 keV, and the plasma density 2 to 3 x lolﬁcm_a.

The following 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-cavity 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, the excluded flux can be expressed
in terms of the plasma B; (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

4 = 1 fields, The motion is a simple toroidal "drift" to the walls with no observ-
able effect induced by the presence of bumpy £ = 0 fields. In Fig. 3B the £ = 1
coils were excited to 56 kA. After remaining in equilibrium for 6 Hksec, 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 equilibrium position which
lasts &4 to 8 Wsec, in contrast to a complete absence of equilibrium without the

4 = 1,0 fields; (2) as the plasma moves away from the equilibrium positionm, the
motion in the land and groove regions is usually similar, 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 A (2033) B (1945)
(or decrease) in the £ = 1 14,70 I g2 =56 kA
equilibrium field causes the

plasma column to move radi- ((;ng%VE
ally inward (or outward)

away from its equilibrium E

position in both land and LAND
(13-2)

Al

groove regions.

In experiments on both
the 5-m and 8-m sectors with 2.5 [Lsec L LIO 1L sec

fixed £ =1 and £ = 0

fields generated by the
Pp2 =15 mTorr; Vpg =45kV
4 = 1,0 shaped inner surface

of the toroidal coils, the Fig. 3. Streak photographs of the 5-m toroidal
sector plasma showing horizontal motion
plasne pquilibriun veg a- ¥h2h aod without 4= 1 Fielde;

chieved by adjusting the
initial deuterium filling
pressure to give a balance between the F1,u and toroidal FR forces through their
B dependence. The equilibrium and stability of the high-B plasma produced in the
shaped £ = 1,0 coils have been studied in the toroidal sector both with and with—
out additional applied vertical fields (BV = 100 to 600 G). The plasma confine-
ment is slightly improved when the vertical field windings are excited to produce
the theoretical vertical field amplitude of Eq. (3), but is not critically depen-
dent on the magnitude of the vertical field. This result indicates that flux sur-
faces are not important in the sector experiments since larger values of the ver=-
tical field shift the vacuum flux surfaces at least partially out of the discharge
tube cross section. However, flux surfaces are likely to be important on the
longer time scale of the full torus.

The streak photographs of Fig. 4 compare the plasma transverse motions in
the 5-m and 8-m sectors with shaped cumpressioﬁ coils. The general characteristics
of the plasma motions are similar to those observed with the £ = 1 driven windings,
except that the long wavelength m = 1 motion tends to be somewhat more random in
direction. As in the experiments with driven £ = 1 windings, where a small change
in the magnitude of the £ = 1 fields moved the plasma from its equilibrium posi-
tion, in the shaped coils with fixed £ = 1,0 field ratios a few percent change in
the deuterium filling pressure, with a corresponding change in plasma B, produces

the same results,




The examination
of many streak photo-

graphs shows that the Groove

plasma column remains

in stable equilibrium :

for 7 to 10 usec in Land | 3
the 8-m sector, com-

pared with 4 to 7 usec I-‘ 9 usec -| ’4—12 Usec ——|

in the 5-m experiment
" g (P =16 mTorr,B =36 kG) (P= 19 mTorr,B =42 kG)
at which times the on- o o

Batiak: Che terminating Fig. 4. Streak photographs comparing plasma behavior

m = 1 sideward motion in the 5-m and 8-m toroidal sector experiments.
occurs. The ratio of ‘

the onset times, Toa(ﬂm)/Tos(ﬁm) = 1,5 ,can be compared with the Alfvén times, 'I‘A
(Bm)/TA(Sm) =~ 1.6, from the ends of the sectors to the center, and with the plasma
end-loss times, Tp(&m)/TF(Sm) = 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 Y1 (5m) = 1,1 MHz and Yl(Sm) = 0,6
MHz. Theory [8] gives the following dispersion relation for the m = 1 mode:

2
4 B
g .o 20 | 5 Ja B(4-38) (2-B) .2.2| . _ B(4-38) 22 (Be=1
Rl 8 (b L 8(1-B) e = 2(1-B) (2-B) vyh (—Bn ),(4)

where the a/b term arises from wall stabilization and is small in the present ex-
periments, The calculated growth rates are 1.0 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
-field product (B£=1 I!j.F_O/B‘)2 = f£(B, ha) haZIR) 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
measured values of B,

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




have been combined to yield the plas-—

0.0048 T
ma beta as a function of time. These 2 1
o
variables have been measured in posi- %fQDM7 1
% —
tions of minimum and maximum plasma s . , AT s
Zooodsr MO Bem , hyr015cm O
radius [land (L) and groove (G), re- ) Re2375m, R40m o7
(B, B,.o/ B)s,, « 000635 08
spectively] in order to study the A ?m-ggr,?n.g:m\ \?gd
sm * 0897, Fgp * 2 g
approach of the plasma column to RS ..OHL...%”,.dg.......,a?_h

theoretically predicted transverse
(or toroidal) and axial equilibrium.

According to sharp boundary (5B)
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(5m)
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
the 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 SB theory
is axial pressure equilibrium, i.e.
nkT = constant independent of length,
which requires BL/BG = (BG/EL)z' This
test has been applied to these data to
study the approach to axial equilibrium,
as shown in Fig. 7. The measured mag-
netic field ratio is compared to the de-
sign ratio (BG/BL)2 = (1 - B£=U/Bo)2’
1+ B£-OIBQ)2’ and also to the measured
value of BLIBG as a function of time.

Fig. 5. Values of B, , B£=OIB°2 predict—

ed for plasma equilibrium in the
toroidal sector, scaled from the
S-m-sector equilibrium. Experi-
mental points are shown

2
;

Exp J-45-5m

§
_—
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5

o
@

Beta (theory ond experimant )

o
o

o
&

Time ( psec)

Comparison of predicted and
measured beta on axis vs,
time in a land region from
the 5-m (top) and 8-m
(bottom) toroidal sector ex-
periments.

The plasma is seen to reach axial equilibrium in " 4 yusec in Exp, J (wavelength =




L
33 cm) and ~ 6 Bsec in Exp, K (wave- R . T N B L TR AR
length = 42 cm), and the B variation :

w T

i Saal {Vac) design |

with time is consistent with a transfer éo.s . i o S
of energy density from grooves to lands _EOBLZ[BG:'SL] S— |
during this period. E |

£ o7} J

Measurements of the plasma radius, 5

& —

beta, and magnetic field in the various & 28
¢ /

experiments thus confirms in detail the Qs (B /Bg ) oxp 1

stable toroidal equilibrium seen in the o1 L i -1 i 1 T
[+] I 2 3 4 5 6 7 8 9 10
streak photographs during the first Time (usec)
4=10 psec of the discharge. The ini- "
L T T T T T T T T T
tial absence of axial pressure equi-
(Kol -
librium does not appear to affect the (Voe) design
- 2 - l-
experimental toroidal force balance. é oL i “El'gfsl)c“"?t"?o 1
€ ool /BB TN ]
I11. FEEDBACK STABILIZATION SYSTEM FOR [
THE SCYLLAC TORUS EQ?— .
A. Feedback Considerations. ‘§.Q6 o
»
An £ = 0 MHD feedback stabiliza- ulQ?[ |
tion system has been developed for - ; ; . : ’ " : ; 1
Scyllac to control the long wavelength o 1 2 3 4 5 €& T 8B 9 0

Time (psec)
m = 1 motion. The feedback control is

Fig. 7. Comparison of the measured ra-

tio of beta's in the land and
small controllable £ = 0 fields which groove regions with experimen—
tal and design ratios of the
magnetic field corresponding
to axial pressure equilibrium.
The upper curves are for the
5-m and the lower curves for
type of transverse body force that the 8-m experiment.

implemented through the generation of

interfere with the £ = 1 equilibrium

field to produce a perturbation Fl 0
’

feedback force. This is the same

provides the toroidal equilibrium in the curved geometry and has been previously
shown to exert the predicted force on a deliberately induced m = 1 instability
in the linear Scylla IV-3 experiment [4]. Its magnitude per unit length is given
2:2.3
= i 6. 6 ]

1,0 [B(3-2R)/8] B h%a’0 b where 6 is the plasma

bumpiness produced by the 4 = 0 feedback fields. The destabilizing force per unit
2

length due to the £ = 1 fields is Fl = Tla pvii, where p is the plasma mass density

on axls, and £ is the displacement from equilibrium., Equating these two forces

by sharp-boundary theory as F

and utilizing the approximate relations for 50 and 61 gives the required feedback
current to each £ = 0 coil:
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_80% (1-8) (1-B/2) 1 _ . (438 g1 _ o -1/2
Trs B2 B PR, 5, 0 G2m %F Ty, < OR )

where 50 = hIFBIIO(l-S) Bof and f is a geometrical parameter of the £ = 0 feedback
coil, Computer modeling [14] indicates the additional constraint that the elec-
trical system delay T be less than 1/\{1.

B, Experimental Arrangement of the Feedback Stabilization System.

In Scyllac both the £ = 1 and £ = 0 equilibrium fields are generated by the
shaped inner surface of the main compression coil, while the £ = 0 feedback fields
are generated by single-turn slotted coils inside the main coil as illustrated in

Fig. 8. The feedback stabilization system consists of many components, starting
with plasma-position optical detectors, and ending with power amplifier modules
which drive the £ = 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 £ = 1
fields. With B-'-=lIBo = 0.04, an 10 Coil-, |
m = 1 instability growth rate of
0.9 MHz was observed. The feed-
back system produced a 160 G field
in the £ = 0 coils, and with de-

Dischal
Mlm

<

‘Plasma

layed turn-on times as great as 0.5
Woke! Tallowang tie IRACixtion of Fig. 8. Arrangement of the & = 0 feedback
the discharge, the module output coils in the main Scyllac coil.
was successful in overcoming the plasma
motion to the wall, In Secyllac the feedback system will have a capability of 4.0
kA (B£=0 = 235 G) with a risetime of 0.9 psec. 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 STABILIZATION AND STAGED THETA PINCHES

Adopting the assumption that the m = 1 motion is indeed the MHD instability
predicted on the Princeton=NYU ordering [9,10], as indicated by Scylla IV-3 ex—
periments [4], sharp-boundary theory gives the following dispersion relation:
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4
2 2 2 2(a 2 | B(4-3B) (2-B 2 2,2, B(3-28) (1-B) .2
= h - = )

¥ vy [ B (b) 1 + 3(1-B) h 3.61 + G-B) 60 ¥ (6)
where a/b is the ratio of plasma and coil wall radii. The first term is a wall
stabilization term arising from the £ = 1 dipole currents in the plasma, as ill-
ustrated in Fig., 9. This term appears in all the theories, including those with
diffuse plasma profiles, regardless

of which expansion is used. Freid-

berg has also derived the first
term using a simple magnetostatic
model [15] with line dipole cur-
rents., The second and third terms
are the destabilizing terms aris-
ing from the £ = 1 and £ = 0
fields. s , g
From Eq. (6) it follows that ‘
the m = 1 mode can be stabilized
by making the wall term dominate,
that is by making ha and 50 small,
However, the requirement for toroidal equilibrium,

Fig. 9. Illustrating wall stabilization by
4 =1 fields in 8-pinches,

8 2 a 1

B e — — (7)
— »

1 3-28 R hZBZ%

must also be satisfied. It is not possible with present Scyllac values of a/b to

make both ha and 50 small, keeping &

1~ 1,without requiring unacceptably large
aspect ratios R/a. -

A second approach to make the wall term dominate is to make the ratio a/b |
larger. Conventional O~-pinches produce highly compressed plasmas with a/b ~ 0.1.
Because of this the dominant m = 1 motion in Scyllac-type experiments must be
feedback stabilized., Despite the fact that the m = 1 mode is predicted to be only
weakly unstable for an £ = 1,0 system, the technological requirements on the feed-
back system are quite demanding. As a résult, it is important to make wall sta=-
bilization effective, By creating a plasma with B = 0.8, 51 =1, ﬁo = 0.1 and
a/b ~ 0.3 to 0.5 it should be possible to wall stabilize the m = 1 mode. This
will first be accomplished in linear-staged ©-pinch experiments and later in tor-
oidal experiments. The staging principle is illustrated in Fig. 10.

The staged_ﬂ-pinch uses fast-implosion heating and subsequent slow compress—
ion from separate energy sources. In this arrangement the implosion heating can
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be increased with less subsequent com— SOCH HEATING
pression heating to produce increased 3 b coumesson N\
a/b ratios to satisfy the wall stabi- i i L, %
lization requirements, The staged
experiments at LASL will involve con-

ventional filling densities and im-
plosion-heating electric fields > 2 EIEE R Fogemamon

kV/cm at the inside of the tube, sub-

stantially larger than in the past. ! iPLosion  COMPRESSION

3 HEATING
In the staged experiments the implos- ® @
ion-heated plasma will be further com- g “TmE—
800-kJ, 50-K £ loouvoUTAGE LoW voumee
ressed using an - V capac- S HIGH
4 & ’ 3 ADIABATIC COMPRESSION 3 "_'ﬁ:':: :'?:::E

itor bank, to demonstrate the staging
process., The implosion~heating com-

pression coil will have a length of 2
Fig, 10. Principles of the staged 6-

4,5-m, a coil bore of 22.4-cm, and a oirich,

discharge tube bore of 20 cm. The

compression field will be variable

between 10 to 20 kG with a crowbarred e-folding time of approximately 50 Bsec,
The plasmas which will be produced in the staged O~pinch will be collisionless
with ion temperatures in the range 1.3 to 2.5 keV and compressed plasma densities
in the ramge 0.2 to 0.8 x 10°° G, W Eq. (6), wall stabilization of the

4 =1 driven, m = 1 mode should ocecur provided the ratio of the plasma radius to
coll radius has a value given by:

(%)4 > LERLB ay? @)
For plasma parameters: a = 3 cm, 51 = 1.0, B = 0.8, and ha = 0.13, Eq. (8) gives
a/b = 0.4. In the wall stabilization experiments on the linear 4.5-m 6 pinch,
an £ = 1 helical field will be superimposed on the axial field to drive an m = 1
instability, With the larger a/b ratios, wall stabilization of the mode can be
studied in detail, The staged © pinch is particularly suited for these experi-
ments since the implosion and compression phases of the heating can be varied in=-

dependently to produce various a/b 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 coles. 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. T T

With an initial filling pres-
sure of 10-mTorr Dz, the plasma

180~
Miriar 48 AV

had a measured density profile
which was approximately Gaussian Ml
with an inflection-point radius
of 0.8-1.0 cm, a peak demsity of
1.5-2,0 x 1016113113, and an ion

temperature (as indicated by neu- o~ s .
tron yields) of 2,5-3 keV. The
plasma column exhibited the‘ pre~

B,1h6)

viously observed [13,16] "wobble" - | \ |
L] 0 ) 20
which usually began 4 to 5 Msec Time {psec)
after the initiation of the main
Fig. 11. B_ waveforms for main and mirror
discharge. The top frame of Fig. £felds of the 5-m linear theta-
12 shows streak camera photographs pinch experiment.

which ‘1llustrate the plasma wobble.
The time for propagation of an Alfvén wave from the ends of the coll, using the
peak magnetic field and the plasma density on axis, is about 4 hsec, 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 13,171«
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 colummn
‘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 0, 0.2, 0.5, and

1.0 psec after the main compression field. The addition of the mirror field pro-
duced an m = 1,k = 0 instability. (See the center frame of Fig. 12). For the
zero delay and 0.2 Wsec-delay cases this instability caused the plasma column to
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strike the discharge tube wall 5 to 8 Hsec
after initiation of the plasma discharge.
For the larger delays (0.5 and I.O_lﬁsec)
the movement of the plasma column was less
the plasma column never striking the dis=
charge tube wall before 15 psec and some-
times (particularly, with the mirror bank
operated at 40 kV) the plasma column nev-
er struck the wall (bottom frame of Fig.
12). A change in the discharge tube ge=-
ometry which shortened the distance be- .
tween the plasma column and the discharge
tube (measured along magnetic field '
lines) increased the stability of the
plasma column. This indicates that the
difference in plasma behavior with dif-
ferent mirror field delays is due to
line~tying effects, With delayed appli-
cation of the mirror fields,line-tying
has a chance to become effective before
the mirror ratio becomes large.

D. Plasma Confinement.

Without
Mirrors

With
Mirrors

Oty=0

With
Mirrors
Alo= | psec

*-— 20 psec ——|

" 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 thata-pinch was measured using end-on holo-

graphic interferograms [13] for the case of no applied mirror field and for the

case of delayed application (l.O'Hﬂec) 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 18.9 Bsec, while that without mirrors is 11.5 Wsec. These loss

rates were compared with two theoretical models, a computer simulation by W. P.

Gula [18] and an analytical model by J. P. Freidberg which extended the model of

Morse [19] to diffuse plasma profiles. The two theoretical models are in agree-
ment and predict a loss rate of 16-18 psec without mirror fields and an increase

of plasma confinement by about the mirror ratin (2.5) when mirror fields are added.

The predicted losa rates, as well as their ratio, are in considerable disagree-—

ment with the experimental results. The experimental end loss times, however,
scale from previous experimental results on Scylla IV-1 [20] and Scylla IV-3 [13]

if it is assumed that the loss time varies as I../'I.‘j_”2

the coil and Ti
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is the ion temperature. Table I compares observed end loss times




TABLE I

END LOSS SCALING IN THETA PINCHES

Length i n T observed T scaled
(m) = 16 -3
(kev) (107 cm 7) (usec) (usec)
Scylla IV-1 1 3.2 2.1 2.4 2.13
Scylla IV-3 3 1.4 3.2 10.1 9.67
Scyllac Linear i 2.7 2.0 11.5 11.50

in the three experiments without
mirrors to the predicted values,
normalized to the linear Scyllac
data point,

E. Plasma Electron Temper-—

ature.

The electron temperature
was measured by 90° Thomson
scattering at 6943;. The elec—
tron temperature at peak field
was 610 + 110 eV. The experi-
mental value at peak field
agrees well with the value
(v600 eV) predicted by the theo-
retical model of Morse [19] in
which the electron temperature
is determined by the relative
rates at which energy is supplied
to the electrons by collisions
with the ions and is in turn
lost out the ends of the main
coil by electron thermal con-
duction. The theory correctly
predicted the observed electron
temperature for Scylla IV-1
[20], Scylla 1V-3 [21], and the

Scyllac linear experiment as shown

in Table II.

Number of Electrons/ IOI

Number of Electrons/10'®

Without Mirrors
T T

10 mTorr equivalent
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Y

Fig. 13. End loss in the 5-m linear exper—
iment with and without magnetic
mirrors.
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TABLE II
ELECTRON TEMPERATURE SCALING WITH PLASMA LENGTH

Length (m) Te observed (keV) Te predicted (keV)
Scylla IV-1 1 +33 .29
Scylla IV-3 3 «39 43
Scyllac Linear 5 .61 +23
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Abstract: As a future fusion 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-
beta experiments, but confinement times are still much too low.
In order to increase confinement times,a number of toroidal field
configurations are being investigated: Screw-Pinch, Belt-Pinch,
Reversed Pinch, and High-Beta Stellarator. Progress has been made
in recent years and more is hoped for in the future. High-beta
experiments as well as low-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 will essentially take the form of a review of shock-
heated pinch experiments. Then I shall deal with the guestion

whether there is a chance of high-beta plasma experiments leading
eventually to a fusion reactor. At the 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 of planned experiments or experiments already

under way in different laboratories. It should be noted that it

has not been possible to take into account all 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, while the term "high beta" is used for
beta in the range between 0.1 and 1.
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Short History of High-Beta Experiments

As you all 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- 1
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-pinch with encouraging results as we have heard from Dr.Quinn the .
day before yesterday. And there 1is 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, Jillich, 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 could be avoided by bending the linear theta- ‘

pinch into a torus, but then the well~-known toroidal drift occurs, i
thus limiting the confinement time to even smaller values. To |

overcome toroidal drift, several proposals have been made over f
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 I
time a fast-~growing m=1 mode was found with little 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
well-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 maénetic axis. The rotational transform does not play the
dominating role as in the real Stellarator concept and Pfirsch-
Schliiter diffusion is less important.

The equilibrium and stability of this class 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 £=2 and/or £=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 behaviour of plasma in dif-
ferent field configurations, both linear and toroidal. The confine-

ment time has been increased relative to the 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=-section,
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



turned out to be unusually stable and could be observed for approx.
100 8 at temperatures 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 Kruskal-Shafranov limit is exceeded. In & paper discussing the
reactor aspects of the belt-pinch, Herold, Wilhelm, and Zwicker /5/
pointed out yesterday that the belt-pinch might be a configuration
suitable for a pulsed reactor with a magnetic field produced by nor-
mal conducting coils., The favourable power balance of the belt-pinch
with respect to nuclear power production and chmic 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
gtabilized with stationary fields or that it is not possible to reach
a fully stable equilibrium. In this case dynemic stabllizatlon or fe=
edback stabilization might be neceseary., Experiments using both methods
are under way in several laboratories, These show that stabllization 1s
posgible 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 nearly without exception use
shock heating as an effective heating method does not necessarily
mean that the fusion reactor will also need shock heating.

In aiming at a fusion reactor with as high a beta as possible,
it is mandatory to investigate configurations with high-beta plas-
mas even if the means used to produce them should not be feasible
in a fusion reactor. It might well turn out that other heating
methods (for example ohmic heating, magnetic pumping, neutral in-
jection, laser produced or heated plasmas) will have to be used in
a fusion reactor, but these other heating methods are not yet
sufficiently well developed to heat a high-beta plasma to near

fusion temperatures.




current toroidal experiments may be assigned to one of the follow-

ing four configurations:

axisymmetric non-axisymmetric
(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 table is used in the sense that the configura-
tions Tokamak and low-beta Stellarator have a theoretical upper

limit Bcritical
mak with circular cross section, and it is true of the low-beta

of a few per cent. This is true at least of a Toka-

Stellarator as long as Pfirsch-Schliiter currents are essential. The
limits between low beta and high beta might vanish for Tokamaks
with non-circular cross-sections and for classical 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-
bility).
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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.

Mainly economic reasons have led to the general conclusion
that stationary fusion reactors with aspect ratios of as high as
one hundred or more, seemingly necessary for the high-beta Stella-
rator, have little chance if the total output is to be below 20 GW,
a limiting value which is prescribed by network and environmental
restrictions, At this conference, Kaufmenn and Koppendorfer /6/ have
shown yesterday that reactors are not limited to low espect ratios,
because cost opiimization does not necessarily require that the
plaema radiue be sapproximately equal to the blanket thickness if plas-
ma physical requirements put certain restrictions on the aspect ra-
tio and beta.

As long as superconductor costs are a considerable fraction
of the total boiler costs, stationary high-beta reactors with as-
pect ratios of one hundred can readily compete with fat low-beta
Stellarators and Tcockamaks. This is mainly due to the fact that the
magnetic field 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 that a high-~beta Stellarator
fusion reactor is not necessarily a pulsed device. 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 problem because
the electric field has to be about 10 kV/cm. A more realistic start-
up procedure could 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 reduced 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 look at the gap that separates low-beta and
high-beta devices from the fusion reactor. Some guantities neces-
sary for a fusion reactor will be approximately as follows:

Temper ature: 10 to 20 kev

” s . . 14 15 3
Density times confinement time: 107 "to 10 s/cm
Beta: 0.05 to 1

Recent results with Tokamaks indicate that electron temperatu-
res of more then 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 1072 were
attained., Experiments are under way to show that all three values can
be lmproved by, for example, using higher toroidal currents.

Low-beta Stellarator experiments have reached the largest con-

finement times at relatively low 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 longer
confinement times.

Screw-Pinch experiments with circular 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 classical diffusion only, the temperature not
being higher than 10 eV at the moment. Experiments to attain higher
temperatures are under way. The programmed pinch, too, seems to be

limited at present by classical diffusion 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 all 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, only at a later stage - and vice versa.

Present State and Prospects of High-Beta Experiments

Let us now have a look at the present state and at the future
of toroidal high-beta experiments in a selection of laboratories.

The compact torus experiment TEE at Jillich /7/, a high-beta
Tokamak or a low-beta screw-pinch at beta-values between 0.02 and
0.4, has shown instability at "g"-values below unity, as expected,
but enhanced stability for g-values between 1 and 2. Operating at
lower densities than most high-beta devices, this experiment should
provide information on low compression ratio toroidal plasmas and
wall stabilization effects. Equilibrium is achieved by a variable
transverse magnetic field and thus the broad plasma column can be
well separated from the wall. The plasma lifetime is 100 to 200 ps
at temperatures around 100 eV. The lifetime 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 /B/, of which the larger, 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 1 eV and
the plasma lifetime rather limited.

The high-beta reversed field experiment at Culham /9/ has

shown that apparently 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 electron temperatures of up to 50 eV, but then instabili-
ties developed and the confinement time was not enhanced, being no




longer limited by diffusion alone. It has thus still to be shown
that the seemingly profitable characteristics of the reversed
field configuration at relatively low temperatures can be repro-

duced at appreciably higher temperatures, Tomorrow there will be an
invited paper by R.Bickerton on the toplec of diffusion.

The heating of @ z-pinch to high temperatures has been
resumed at Los Alamos /10/ and incorporated in a fast toroidal
z-pinch. Kilovolt temperatures have been obtained and the guestion
then arises whether or not the stability problem can be solved by
field programming into a reversed field pinch similar to the con-
figuration used at Culham. Current experiments seem to be concerned

with this guestion.

Screw-pinch-like configurations with elliptically stretched
plasma cross-sections have recently been tested at Jiilich in the
TESI experiment /11/ and at Garching in Belt-Pinch I./12/. The beta-
values were 0.1 and 0.5 respectively and the temperatures were
around 10 eV, and thus the observation times of 40 and 100 us re-
spectively appear to be limited by classical field diffusion with-—
out evidence of strong macroscopic instability. In order to reach
higher temperatures and longer confinement times, two larger ex-
periments, TENQ in Jiilich and Belt-Pinch II in Garching, are
being constructed and should 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 II, on the other hand, strong ellipticity is aimed at with
ratios of 10 to 20. It 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 carried out experiments with f=1 fields
together with admixtures of €=2 and/or £=0 both in linear and
toroidal geometry, There has been an invited paper by W.E.Quinn
yesterday /13/ concerned especially with the Seyllac concept, and so
I shall make only a few remarks on the results and plans of the Los
Alamos 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 2=1/¢=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=1l motion of long wavelength (k=0) to the wall. This is in agree-
ment with MHD 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 pame radius; instead the 8m sector experiment was bullt and now
a torus 4 m in radius is belng conetructed 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 stabllization cannot
be investigated with Scyllac a staged linear experiment is under
construciion and should be completed in 1974, A staged toroidal ex-
periment is under discussion, its completion time is not known yet.

The Isar T high-beta Stellarator at Garching is the first fully
toroidal device of ite kind to be completed. Recent results will be
given tomorrow afternoon under the subject heading"stellarators" in
a paper by Funfer, Kaufmenn, Lotz, Neuhsuser and Schramm /14/, It
is shown that there exists at least an M&S~llike equilibrium with
an 1=1/1=2 field, Confinement times and instabilities are similar
to those reported by the Los Alamos group, no higher m-modes have be-
en found, in contrast to MHD theory.

As mentioned earlier, it should be possible by means of wall-
stabilization to aveid the m=1, k=0 MHD instability observed. It
is, therefore, in discussion, to build at Garching a larger torus with
a major radius of approximately 8 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 designed
in such a way that 10 times the growth time for the m=1 mode can be
observed. In case wall stabilization works as it should, confinement




times of at least 50 ps at temperatures of about 1keV should be
attainable in 1976,
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SOME FEATURES OF CURRENT AND FUTURE EXPERIMENTS:

Configuration Device T n E? ﬁ Problems Fature
eV cm"g s - .
1 2 3 4 5 6 7 8
3 14 -2 ~2|Higher Temperatures|Experiments
Tokamaks 10 10 10 10 Higher Densities under way in’
Longer Confinement |various coun-—
Times - tries
Higher Betas
2 13 - iy Higher Temperatures e.g;G—ardh_‘Lng:
=8 Low-Beta 10 10 10 10 “iHigher Densities Wendelstein .
g Stallanatiina ,Longer Tic;néﬁijnement VII (1976)
Higher Betas
_ > " e 0.02 |Higher Temperatures|Jilich: TEE
Compact Torus Jilichs 10 10 10 to Higher Demsities : ;
-TEE - Q4 Equilibrium
Screw-Pinch Jutphaas: 16 -5 -2 |Higher Betas Jutphaas:
Screw-Pinch | 1© 10 0 10 IXruskal-Shafranow |SPICA (1973)
Garching: Limit
Isar IV
Programmed Culham: 20 101° 4x10™° | 0.6 Higher Temperatures|Culham: HBTX
Pinch HBTX . Instabilities Los Alamos:
Fast z-Pinch




SOME FEATURES OF CURRENT AND FUTURE EXPERIMENTS (continued)i

1 2 ] ED 2 o 7 S
15 -4 * | Higher Tempera-| Julich:TENG
Belt-Pinch gﬁlich: TEST 20 10 10 0.1| tures (1974)
arching: to
= Longer Confine-| Gar :
Belt-Pinch I L men-% Times Berg%?%ch in o
=5 (1974)
N
- 3 16 <5 Longer Confine-| Los Alamos:
High-Beta Los Alamos: 10 10 10 ~] ment Times Parger Scyllac
Stellarator Scyllac m=1 MHD Instab-| (1974)
Garching: ility IStaged Experiment
Isar T 1 Wall Stabiliz=- [Garching:

ation

Wall-Stabilized

Feedback Stabil-Stellarator

ization

(1976)




EXPERIMENTS ON THE CONFINEMENT OF COLLISICNAL
PLASMAS IN MIRROR TRAPS

Yu.T,Baiborodovy Yue.V.Gott, M.S,Ioffe, B,I.Kanaev,
E, E. Yushmanov

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

Introduction, A few experiments have been carried out recently
to investigate the stability and containment of hot-ion mirror plasma
in the collisional regime., By the colligional regime is meant one in
which the plasma losses are caused mainly by the ion Coulomb scatte=
ring, and not by other mechanisms such ss charge exchange or instabi-
lities,

What is interesting in such regimes? It is well lkmown that a num-
ber of kinetic instabllities can develop in a mirror plasma. They are
asgociated with the angular distribution anisotropy of the confined
particles, in other words, due to the presence of loess cones in the
velocity space. Conditions for such a particular instaebility to be
excited depend on the particles distribution inside the sllowed vo-
lume in the velocity space; a statisticaly smoothed distribution fun-
ction provides more reliable stability. If plasma confinement is 1i=-
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 thermo-
nuclear mirror plasma, That is why it is more preferable to study
plasma stability in the collisional regimes, When there are no in-
gtabilities 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 eleciron temperatures, am=
bipolar potential, Coulomb losses and others, Therefore, investi-
gations of a collisional plasma, even if its density and temperatu~-
re are relatively low, permit us to elucidate the principal physie-
cal problems of the behaviour of & hot and dense plasms.

In our paper, we shall consider the experimental results obta=
ined with the PR-6 and PR-7 devices at the I,V.Kurchatov Institu=
te /fl,zlf. 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=T7 2xII DECA IT
Central magnetic field (KG) 5.0 5,0 6e5 3.5
Longitudinal mirror ratio ‘
Ryp 24 2,0 2,0 1.8

Distance between mir-
ros (cm) 100 100 100 130

Multipole stabilizing fi-

4 4 4

Tranaversal mirror ratioR,

(in the central plane) 1. 75 1.25 2.21 1.05
Plasma diameter (cm) 10 T 12 9
Maximum plasme densit;

? (com 23)  3.10'2 5,102 6.1013  1,210'2
Mean ion energy E, (keV) 0.1=0,3 0,4 1=10 0.2
Electron temperature (eV) 5=15 15 80=250
2
Wp,; /e, (n=10"2en™) 800 800 900 1500

In all four cases, the pulsed injection technique was used
therefore, all the results refer to decaying plasmas.

PR=6 and PR-7 Experiments, Reproducible regimes of stable pla=
sma containment for n<10 1cm-3and E;=~1,0keV have been achieved
in the earlier PR-6 experiments /5/; the confinement time was 10=-
20msec, depending on the charge exchange losses. Aa the densities
are an order of magnitude greater (n=2-3.1012, Ei =~ 0,25keV) new
features in plasma behavior are revealed.The main features are as
follows,.

1s Three decay phases were observed from the density history
in a decay cycle (Fige, 1a)e During the first 150-200 usec the den=-
8ity decreases with a cheracteristic time of 250 mseceapproaching

£ ) ‘tO12 '3. Then a more rapid decay with a characteristic time

of 100 msec, is oblerved. At the end of this phase the plasma den=
pity falls to =~ 10 om 3. Following that the plasma again decays
slower, and smoothly passes into the charge exchange phase with the

time~ 10™gec,
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9, Those three decay phases can be distinguished by the level of
plasma HF noise (Fig,1b)e During the first phase the intensity of os-
cillations is small, the amplitude being

~ 0,1v 2t the plasma periphery. The se=

cond phase is accompanied by a burst of =T 1 1
considerable stronger oscillations, their e T Q-
amplitude being 10v and even higher at a m_.,_j; ————
burst maximum, The third phase is charac- — -1 —N ?sma,um-:
terized by a gradusl damping ot the os- AN

&1llations.

3, The plasma potential ¢ varies que-
litatively in a similar fashion to the
intensity of HF (Figeic)s 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= HF noise
5 w/div

ge it grows rapidly together with the
oscillation burst, At a burst maximum ¢

can reach 150 = 200v - this magnitude is ft. potentiat
15 v/div.

cloge to T.‘:.II!. Then it decreases monoto-
nically up to 15 = 20v.

4o The behaviour of the temperatu-
re T, is gimilar to that of the plasma
potential during the entire decay cycles
Numerically it remains approximately
equal to ( 4. yey.

5, Variations in the initlsl ilon te=- Fige 1
mperature T; do not change qualitively
the pattern of the decay desoribed while
they result in certain quantitative va-
riations, As Ty inereases: a) the characteristic denaity decay time
at the beginning T, also increasesj b) the duration of the first
phase decreases; c) oscillations grow more rapidly and up to higher
empIitudes; d) the plasma potential during a burst also increases
to higher values (Fig.2).

e s
aRHBEN

Time scale 50musec/div.

Tt follows from the above results that a 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
results do really re-—
flect any general
properties of mirror
plasmas or they could
depend mostly on in=
dividual "properties"
of the experimental
device ag it often

_.a "Mw;'t._.*l'm‘pue 1
O T =100er,; T, % 210msec
pl b b o

happens in plasma in-
vestigations. In this
case we should prima- SOpsacdiv

rily emphasize such

properties as a pos- Fige 2
sible specific chara-

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 lon temperature decreases., Thus,
at Ti=50ev the instability appears in 350=400 sec., after injection,
This time interval is five times greater than the time of ion scat=
tering into the loss cone at a density of 10" 2c:m"j. In this case the
collisions have sufficient time to level all rough features in the
initisl distribution, and make it approach the equilibrium=collisio-
nal distribution, If, nevertheless, an instability appears so late
it cen in no way be attributed to the biography of the ion distribue~ ‘
tion function at the instant of injection. !

To find out possible effects of the magnetic configuration, the
experiments with PR=7 similar to those with PR-6 have been carried
outs Both devices are identical in all respects with the exeption
that the stabilizing field is hexapole in PR=6 while it is quadrupo~
le in PR=T7. This difference influences both the injection conditions
and the spatial distribution of a confined plasma. In both devices,
a hot-lon plasma was generated by ion-cyclotron heating of a cold
plasme jet passed along the trap axis., Injection from an intense
beam-plasma discharge has been slso tried in the last runs on the
PR-T7. 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 af-
ter an initial phese of slow decay,
Such an increase is accompanied by =a
rapldly growing plasma potential and HF
intenslty., The PR=7 frequency spect=
rum 1s also similar to that of the PR=6,

The only difference is that the decay
anomalies in the PR-7 manifest themsel-~
ves in a more pronounced form.

The vacuum conditions really ex=
ert strong influence on the entire de=-
cay process. As the pressure of neutral
gae is increased the instability is
gradually smoothed, and if the pressure
is"sufficiently high = of the order of
10""6 torr. = it disappears completely.
Here, we do not mean the base pressure,
but the pressure stated after injection, Time scale 25msec/div
The latter depends on the amount of des-
orbed gas from the walls under plasma Fige 3e
bombardment. Therefore, if the chamber walle are outgassed insuffici-
ently the instability can be partly or even completely suppresed. As
an illustration Fig, 4 presents the osclllograms of n(%) and HF in- ‘

Time scale 25 msec/div
Figq e



tensity for two cases which differ only by a degree of wall out-
gasslng.

Thus, all the above data indicate that anomaluos plasma decay
both in the PR-6 and PR=7 is attributed to the inherent plasma proe
perties but not to any particular features of the experimental
conditions.

Let us now consider the above results. As to the initial decay
phase it seems to be quite explainable by the classical mechanism of
Coulomb collisions. Really, within a factor of 1.5~2.,0 the experimen-
tally observed loss rate agrees with the calculated values, and what
ig 8till more illustrative, it decreases with the ion temperature as
it should be due to Coulcomb loasses through the mirrors, The relation
b etween the electron and ion temperatures in this phase also agrees
with the collisional model.

The second phase is of the most interest, Spontaneocus exitati-
on of an intense oscillation burst accompanied by increased losses
obviously showa that during a decey cycle the plasma passes from a
relatively stable state into a strongly unsteble., Two questions sho-
uld be answered here, What kind of instability we are dealing with?
and why does this instability excite only in a certain time interval
after injection though it should apparently exist in a rather weak
form in the very beginning of the decay?

Heapurements of the frequency spectra and wave structure of the
oscillations supply a partial answer fto the first question., During
the instability burst the dominating frequency W is 0.7 Wy

W,; = the ion = cyclotron frequency at the trap centre). An appre=
ciable amount of the second harmoniecs - 2 « is also present, and
by the end of the burst the fractural harmonics (/2®, 1/3 @ eand
other) appears The characteristic wave lengths in the trasverse di-
rection (L B) are comparable with the ion Larmor radius: &19; mi=5,
while the waves are strongly elongated in the lonmgitudinal direc-
tion: k“<¥ﬁh » These data even taken alone limif the possible
choige smong various kinde of ingtabllities known theoreticaly: the
drift loss=cone mode near its excitation threshold could best cor=
respond them/G / « 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 excitation at that
period may only imply thet there should exist stebllizing factors
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which were not taken into account 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/. Such
ions can be produced by charge exchange and ionization of cold neu=
trals entering the plasma, No matter what are the gtabilizing face
tors in practicey thelr presence is not doubtful because the oscil-
lation amplitude increases rather slowly during a major portion of
the initial decey phase.

Therefore, it now remains to answer the question: what makes
the plasma"leave" such a quasistable state? Supposing the ion dige
tribution function to be responsible for the instability we should
gseek 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 some resul-
ting consequences, grouping them as follows.

1 It has been mentioned abéve that during the initial decay phase
Te rises slowly, and it grows rapldly when an instabllity burst oeccur,
Without going into details concerning the initial increase in T.,we may
emphasize that the subsequent rapid growth is assoclated with electron
heating in the electric fields of the growing oscillations,

2. Plasma potential 77 varies in the same manner as Ta gince
q=XT}awhare Y’ - the numericel factor ( j-=3~4).

3. Any increase in the plasma potential is always followed by
e deformation in the ion distribution function in its low energy
range, This is due to the fact that
an electric field E“-..-—';%! flel
pushes out the ions, thus weakening
the confining action of the mirrors.
As a result, the collisional distri=-
bution is out off in energy E,min= ¢ /R-i
as is shown in Fig.5. Such a deforma-

tion increasing with time as (§ grows & =eg/lR-1 B
makes the distribution be still more

nonequilibrium. This, obviously, should Fige 5

lead to increasing instability growth rate, i.e. to more intense
oscillations,

4s The observations have really shown that in the entire cour—
ge of the decay there is a complete correlation between the varia=
tions of the potential ql (the average time magnitude) and emplitu-
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de of HF oscillations U, From inspection of the date on numerous mea-
purments carried out in different modes of operation,U and ¥ are
related by a sharp functional dependence of the form U~ e“'§

Teking into account the above facts we may plcture the following
gequence of the development of an instability burst. In the initial
decay phase which is characterized by a low oscillationa 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 thelr 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 osclllations increase Te' - this in-
creage in Te gives rime to an incresse in ¢ , - the growth of ¢
enhances the nonequilibrium nature of the ion distribution function, =
. the more nonequilibrium 1ls the distribution, the more intense omcil-
lations are developed, - the latter give rise to a further increase
.+ din T, and so on. Thus,; a process of nonlinearselfenhancement of ine
stability 1s established, The inBtabilitbean last until the oscil=
lation amplitude is not limited by any new factors,.

This qualitative scheme has been suggested by E.B.Yushmenov, =
one of the authors of the present paper. Quantitative calculations
to support it are difficult since they are concernmed essentially with
nonlinear instablllty phenomena, In this sense the scheme can be con-
gidered as a versimilar hypothesis. And as with all hypotheses it
needs be experimentally proved,

The major assumption here is that the primery factor giving rise
to an instablility burst is en increase in Te in the initial decay
phase, To be convinced of the validity of this assumption an expe-
riment hae been carried out with additional electron heating by a
short RPF pulse at the instant before the burst appearas. The ldea
of this experiment is gquite evident, Such Martificial" heating should
give rise to a more intense excitation of instability if it is rea=
ally associated with an increase in the plasma potentisl, and as a
consequence, with a displacement of the low energy boundary in the
ion distribution, The resulits are shown in Fig.6, The left oscillo-
gram is a natural oscillation burst; the right oscillogram = a
burst with additional RF heating which is applied at the instant
marked by an arrow, It is seen that the heating causes an enhancéed
instability as has been expected, This experiment will be considered




in more detail in paper 2.1.1. at this conference. Now I wish only

Time scale 50/!1590/0'(1(

Fig. 6.

to polnt out that the result obtained is quite a sirong 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 on plasma stabilization by injecting e small amount of
"warm" plasma. The experimental procedure is as follows., After injec--
tion and heating the plasma source is au=
tomatlically operated so that a low-tempe—
rature plasma (Tf'— 5=10ev) continued to
be pupplied to the trap volume, The warm
plasma densities and injection duration
could be varied in a wide ranges The ef-
fect of such warm plasma on the instabi-
1ity has been clearly observed., The rae=
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 duretion is
marked with a line below each oscillog-
ram (the upper oscillogram is presented
wlthout injection). At the beginning of
decay the density of the warm plasma in
the ceniral region of the trap did not ex~ F
ceed 10% of the hot plasma demsity. It is e T
well seen that during the injection of the Time scale Saf'smfd“v
warm plasma the instability is not obser- FigeT
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ved., However, as the injection is ceased the instability reappear
again with the same time delay as before, In this casg the oscilla-
tion bursts were absolutely simultaneous with an increase in the
plasma potential too,

The experiments on injections of "warm"™ plesma are quite consis-
tent with the above ldeas about spontaneous transition of plasma
from a stable state into unstable, On the other hand, they are very
interesting and importent since they have directly illustrated (so
far only qualitatively) the validity of the Post's idea on stabili-
zation of loss=cone modes by additional injections of small amounts
of warm plasma /7/.

In summary, let us formulate the main conclusione from the PR=6
and PR=7 experiments,.

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 characteris-
tics of this instability suggest that it bears a most resemblance to
the drift lecss-=cone mode,

2, It 1s an important feature of this instability that its inten-~
gity strongly depends on the plasma ambipolar potential.

3. The electrons are heated in the HF electric fields of the un=
stable oscillations, This may put into action & certain mechanism
of & nonlinear instability self-enhancement based on a regenerative
coupling between T, and the oscillation intensity,

4s The instabllity is suppressed when a relative small amount
of warm plasma is introduced into the hot plasma, As regerds its pos=
gible applicetion in future, this stabilization method needs more
comprehensive quantitative studies,

5 It is worthy to emphasize the sensitivity of the instability
to vacuum conditions, This seems to be related with the stabilizing
action of plasma admixture produced in the trap iteelf due to char-

exchange . .
gevand ionization of neutral gas,

2xII and DECA II Experiments Plasma containment in 2xII was in~
vestigated, for plasma parameters: n=a5 1013cm"3, E;=1-10 kevs The
plasma was formed by trapping and adiabatic compressing of a plasma
blob injected along the magnetic fied lines,

The plasma decay depends on the injection regime. As a rule, it
proceeds quietly without indications of instability defined clearly,
In some cases, however, "Plasma dumps" are observed with considerable
delay after injection as is shown in Fig.Ba, These dumps are always
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accompanied by: (a) an increased intensity of HF noise in the ilon-
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 appearence
to those observed in PR-=6t and PR=T., The authors associate them with
"double=humped" instability. This conclusion is based on the fact
that in these cases the lon energy
‘spectrum has two or more maxima, be=
ing correlated with the
instants of the dumps.

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 begimning of the decay sa-
tisfactory agree with those calcula-= '
ted for Coulomb losses, In absolute lOIoo.z 06 10 14 1B 22
values, they emount to a few hunde TIME =imsieg
red microseconds and differ from the

140 5

calculated values not more than by a RUN A
120 4

CENTRAL DENSIT Y—cri >
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DENSITY HISTORIES

factor of two. Further decay, howe- ]

ver, even in the best regimes, is in anl 420 psec

obvious disagreement with the colli=- =

gional loss=rates. Instead of heing %- RtiN ¢
congtant, NT decreases by about a 64 A [\ —120pe

factor of ten as the density diminie- 5 4

ghes from 2.10'° to 2.10'2en™>, To 3.

explain such a disagreement the au= o '; A o
- thors have used the Baldwin-Callen i i i

calculations on the effect of "col= ENERGY SPECTRA

lective" scattering of ioms by weak

plasma 6scillations related with Fig.8.

the convective loss-cone mode insta-
bility / B/ « Experimental results obtained with 2x and 2xII do not
contradict these calculations, However, more definite conclusions
geems to be premature,

In DECA II the plasma densiiy and mean ion energy are practi-
cally the seme as those in PR=6, e.g. n=1.10'Zcm™, E;=200ev, The
plasma was injected by a thetatron gun and trapped by a rapidly
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growing field of the entrance mirror, Using this injection technique,
the lon angular distribution is found to concentrate near the loss=—
cone angle E% + It undergoes transformation with time due to colli=-
sions and takes éventually a form typical of mirror traps with a ma-
ximum at & =90°( §# = 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 ambipolar plasma potentisl and ani-
gotropy, and some other problems have been studied, Experimental da-
ta are compared with numerical calculations made on the basis of the
clagpical collislonal model, taking into account cooling of ions by
electrons, ambipolar potential and charge exchange, Without going
into details a quite resonasble agreement between the experiment and
calculations may be ascertained, For illustration, Fig.9 shows both
the measured and calculated curves of the plasma density end poten=
tigl variations. oy : N -

In contrast to 2xII, charge ex- em3) L
changeé in DECA II makes an apprecia- i
ble contribution to plasma losses ev- 2
en at the initial phase of the decay, af
and at t=750 4sec it is the primary
source of loesses. That is why the ma= S
ximum life time does not exceed 450 T
Asec (for n-1011cm'3). o

The authors point out that du= -
ring the decay cycle some splashes of 4
HF oscilletions at the ion=~cyclotron
frequence snd its harmonics are obser— ] 5 ] 15 tmeing
ved., However, no correlations between i
these splashes and density fluctua-—
tions or particle escape through the
mirrors were found, As we have already
mentioned the absence of a marked in=
stability could be caused by an appre-
ciable increase of the mneutral gas pres-
sure after injection, A

] [¥] 0‘4 0‘5 3 03 1 timelms

=)

volts

100}

Time evolution of the ambipolar potentlal,
1 = measurement 2 = caleylation

Fig. Do
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CONCLUST ON, In mirror confinement experiments, as well
es those with other systems; one of the main difficulties lles in
obtaining the subject of investigation itself, that ie; in production
of a hot ion plasme which could represent the physicel properties of
e future thermonmuclear plesma. Fhe ﬂg?t important property, as ap-
plied to a mirror plasma, is theYiOn velocity distribution function,
since it directly governs the stebility condltions.

As ham been mentloned in Introduction the colllsicnal distribu-
tion due to ion-ion and iom=electron collisions in a thermonuclear
plasme should be established. In this respect, the experimental siu-
dies comaldered im this paper are of interest just beceuse they in-
vestigate the plasmes whose ion distribution funcilons are close to
the collisionsl omes.In our opinlon, the experiments are rether fru-
itful. They yeld new information sbout the plasma behaviour in most
interepting regims. Let us list the mein resulis.

1. Experiments carrled out in all four installations indicate
the existence of macroscopically stable states of a collislionsl plas=-
me, which cen lest at least for several hundreds of microseconds.

In those gtates, the plasms lose rate is defined by the classical me=
chaniem of Coulcmb ion mcattering. The experiments include the ini=
tial denm=iiles ranged from 10'3 1o 10'%cm™> and ion temperatures from
a few tens of electromvolte to a few kiloelectromvolise

These experiments are also of interest from the viewpoint that
they did not support the initial pessimistic theoreticel predictions
on degiructive actions of loss-cone instabilities, and on the plasma
eacape with a time of the order of the lon time of flight between
the mirrors.

2. The PR-6, PR=7 and 2XII experimenits revealed a phenomenon of
sponteneous transition of the plesma from a stable state into an un=
giable gitate during free decay. This transition is accompanied by
increased logss rates.

A% the present time it is still not clear if the causes of that
phenomenon are the same for these installations. The authors of PR=6
and PR=7 are inclined to attribute this phenomenon to nonlineer ex-
citation of a drift loss=cone insteblility mode under the influence of
the plesma ambipolar electric field, while the authors of 2XII be=-
lieve that it resulte from double~humped instability.

Without predetermining how completely each of these explanati=
ons desasribe the transition of plasma into an unstable state we may

134




gtate that both cases involve a certain deformation in the collisi-
onal 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-
bilizing 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 indirectly the observations that the insta=
bility disappeared as the neutral gas pressure was increased,

4, Data on containement of quiescent plasmas in 2XIT suggest col-
lective scattering of ions by weak plasma oscillations and its con-
tribution to the loss rates. These aspumptions, however, need more
thorough experimental verifications,

In conclusion 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 ideas formed previously. We may hope that further
regearch in this direction should yield new useful information which
will help us to achieve more profound understanding of the proper-
ties of high temperature and high density plasmas,
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THERMCNUCLEAR FUSION IN INSTALLATIONS
WITH A DENSE PLASMA

GoIoBudker

Ingtitute of Nuclear Physics, Novosibirsk, USSR

In my present talk I will speak about, so called, systems
uging a dense plasma, At various times different people put
the quite different meanings into the words "dense plasma",

We shall call the plasma "dense" if the mean free path of
charged particles is comparable with the length of the device,
For the thermonuclear temperature range T:u104 Ev it

means that the plasma density should satisfy the condition

20
n (cm'3)>3'1gm

and its length should satisfy the condition

107
P (etm)>'r—rgﬁ)
(see Fig.1).

We sghall be interested in traps with a dense plasma, that
is in systems for which the magnetic fields are of great sig-
nificance., Therefore I will not be concermed with ideas about
thermonuclear reaction realizatlion in microparticles of con-
densed matter about which there is much talk at present (des~
plte the fact we are certainly dealing with a plasma which is
dense in our sense of the word: £ 0.1 mm, P>10 atm).

The maximum pressure for which one can still speak of a
plhema confinement in a trap 1s of the order of millions of

atmospheres, This pressure is obtained by means of explosive
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compression of a liner, The corresponding density of the
plasma is of the order of 3e10190mf3 and the mean free path
is about 10 cm, 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 condition that the time of the plasma lon~
gltudinal expansion should be on the order of a Lawson time:

T (sec)~ 10! 4/N(cm-3)

Jﬂbrk in this fleld has been ocarrled out at the Institute
of Nuclear Physics['] and in the laboretory of Linhart in Ita-
ly [2] « At Novosibirsk the possibility of preliminary storage
of the necessary energy as the kinetic energy of a liner was con-
sidered, The liner was accelerated 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- .
nal aim, since in the case of magnetic compression only the
part of the D=T mixture which is actually put into the reac-
tion of one. experiment is used up (and all the rest is not was-
ted), In order to make it possible to carry out many cycles
of a reaction with the same fraction of the mixture, we consi-
dered MHD=compression of a liquid metal liner located on top
of a heavier insulating liquid and which is restored by cent-
rifugal forces after each working cycle,

In fact, in our experiments of 1965-66 the liner compressed
not the plasma but the magnetic field, In this way magnetic
fields up to 2 MG and corresponding pressures of several hund-

red thousands atmospheres were obtained, In the purely thermo-
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nuclear aspect this set of works was unsuccessful, It wes
unsuccessful not in the sense that negative results were
obtained, but in the sense that the complexity and the cum-
bersome size of experiments as well as the defficiency in
the gtaff, that were required to overcome the difficulties
which we met; undermined the hope for obtaining conclusive
results in a forseeable future, And we are very pleessed that
physlcists of other laboratories have returned again in re-
cent years to this question [3] o

The next step along the descending curve ghown in Fig,1
is the attempt to obtain in high pressure plasma within an
unbreakable rigid vessel (p<f104atm). Such systems were con-
sildered in particular by Morozov, Tuck and otherﬁ[4’5]. Since
in a dense plasma in the longitudinal direction neither ther—
mal insuletion ner confinement was assumed, the resulting
length of the installation was getting to be on the order of
several hundred meters, One can agree that s thermonuclear
resctor length of several hundred meters is not hopelessly
great, More than that, I would say that it is quite appropri-
ate for e thermonuclear power statlon with power of commer—
cial interest., However, in order to confine a plasma along
this whole length, it 1s necessary to produce a magnetic
field of the order of several hundred killogauss., And when the
device has a length of about 1 km this task becomes really
complicated and very expensive, In addition, it is very dif-
ficult to model thls mechine and an immediate start with the
congtruction of a full-scale installation would require exep-

tional boldnese on the part of experimentalists and their
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financing institutions.

Therefore we considered another possibility which may seem
unconventional at the first sight, namely: plasma confinement
in the transverse diresction not by a magnetic fileld but by
the installation walls, The only role that is left for the
magnetic fileld is to decrease the transverse heat conduction
and this requires & considerably smaller magnetic field and
the problem of stabllity is solved in a new way. In this way
a system withF>'>1 appeared, The technical feasibility of
designing a cylinder capable of withstending intermal pres—
gure iof tens of thousands of atomspheres as 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
occuring in a thermonuclear plasma under the condition of
plasma confinement by the walls,.

Since a length of 1km is still cumbersome even in the
cagse 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
egsence of the method is that at the ends of the installati-
on a multiple mirror configuration of a magnetic fileld is
produced [6,7] .

The work on dense plasma confinement by a multiple-mirror
magnetic field is carried out in the laboratory headed by
Ryutov and Kruglyakov, This work is a little more then half
the whole CTR = program of the Institute, The other half in=
volves investigations of the feasibllity of a thermonuclear re—

actor based on a mirror machine with the plasma rotating in co
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crossed filelds, These investigations are carried out in the la-
boratory headed by Volosov and Zel'nik, In spite of the lack of
success of the previous experimente on the "Ixion" and "Ho-
mopolar" [8,9] y 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 sépeclal distribution of the poten—
tiale 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,

If one chooses the length of every mirror so as to cause
the particles passing through this mirror to be scattered at
an angle A@ ~VH_ , /H___, 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 equasl pro=
bability that the exit will be in the forward or backward
direction, Thus, a particle will move diffusively between the
mirror and ites 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 densities of a plasma,.
At lower demsity 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 con-
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ventional gasdynamic 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 a 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 is natu-
rally provided only by untrapped particles, Due to collisi-
ons the untrapped particles transmit their momenta 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 veloeity in compa=-

rison to that of a homogeneous field is decreased by a factor

of ka ﬁr $
diffusive character of the motion., One power of k appears

where k is the mirror ratio, L/) appears due to

due to the fact that the number of untrapped particles is %

of the total number of particles; the second one due to decrea-
ging in the scattering 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 [11,12] o« The results of
the investigation of the system confirm the simple estimates

I mentioned above,

Degpite the self-evident nature of these estimates they

were not immediately accepted by the scilentific 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 peychological barrier connected with
many years of experience in work with plasma, where )s"»[ ¢ The
gituation is similar to that of about twenty years ago when
great efforts were needed to overcome the opposite barrier for
specialists in gasdynamice 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 [13.14] o This work was presen=
ted at this Conference by Kruglyakov in his 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 A< L at low values of
plasma density and at relatively small dimensiona of the device,
In the installation shown in Fige3 of 3 m length the process
of diffusive motion of a plasma with an average density of

av..;1010<:m"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 fleld to a multiple mirror field the plasma density 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 E,Logan, M,Lieberman, A,Lichtenberg and A.Makhijani

[15] s They have done numerical calculations concerning the ine

dividual charge particle motlon through the multiple mirror mag-
netic field in the presence of fixed scattering centres, By this
the authors predetermined in advance the diffusive character
of the motlon and were able in essense to "fish out only the
mirror ratio dependence of the confinement time, This same group
has carried out & set of experiments on an installation with
3=5 mirrors and obtained results in agreement with ours [16] e

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 1'1.-»‘10‘| scm"'3 and a
temperature of 100 eV, We have chosen 100 eV since at this
temperature value the requirements for the ilnparted energy
became comparatively moderate., Then imparted energy increa-
ses as a high power of a temperature and in the thermonuclear
region is becoming of the order of tens megajould. The inst-
allation length is 6 m and the average intensity of the mag=-
netic field is 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 sald there are two sub=

stantially different possibilities: namely, the well lkmown
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magnetic confinement (#°& 81 nT 3 and plasma confinement
by the chamber wells when the magnetic field serves only for
suppressing the transverse heat conduction,

The first possibility has been fully studied and I will
not dwell on this case, I will only note that in the case of
an axially-symmetric multiple mirror field the plasma is un-
stable relative to flute perturbations and therefore it pro-
ves necessary to use a nonaxy-symmetric configurations which
provide a magnetic well [17] . The well known disadvantage of
such a configuration is the difficulty in getting a high mir-
ror ratio, In spite of this, the strong magnetic field has
advantages: since in this field plasma mey be removed from
the wall it turns out be reasoneble to make movable mirrors
(Fige5) which provide the quasistationarity of the longitudi-
nal confinement. The waves shown in the Figure on the left
and right hand sides- continuously "dash against" the region
of homogeneous magnetic field and because of the frictional
effect described above between the plasma and magnetic field
they provide a constant foroe which opposes longitudinal ex-
pansion of the plasma, The velocity of these waves is not
large, It is equal to the plasma flow velocity, i.e. much
less than the lon velocities and the techmical feasibility
of such a moving field is of no difficulty. However, the pre=
viously mentioned difficulties in obtqining strong magnetic
fields in large volumes justify our paying attention to sys-
teme with plasma confinement by the walls,

For eimplicity let us consider first the problem of plasma
confinement in a cylindrical tube (with no corrugetiom)., Even

in this case the physics of nonmagnetic conflnement is some=-
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what more complicated than it seems at first sight, The rea-
son for these complications is connected with bremmstrahlung.
Reelly, the bremmstrahlung power, per unit volume of hot
plasma is proportlonal to nz J_E; But under the condition
nTﬁ)Hzlarthe 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 log=-
ses, This was predetermined our lack of success in searching
for stationary sclutions in the work during 1967=69 [18, 19] °
Recently quasistationary solutions were found by Chebotaev,
Ryutov, Spector and Vekstein that were presented at the con=
ference by Ryutov, The meaning of this is the following:

While they are cooling, the extermal layers of the plasma
are pressed agalnst the wall and are in some sense "eaten up"
by the wall, As a result there develcps a plasma flow toward
the wall, The plasma flow veloclity ls determined by the velo=
city of the plasma "eating up" which in turn depends upon the
heat conddctlon processes and the radlation in the layer nesr=
the wall, In particulaer, the presence of plasma flow causes
the lifetime of plasma to increase not as R2 ag it does with
ordinary heat conduction but only linearly with R,

At the same time the calculations showed that the lifetime
oa a plasma turns out to be sufficlent enough for obtaining
positive energy output even in the case of very modest trans-—

verse domensions of the reactor and in the case of comparati-
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vely low fields (R~5cm and He2,10%C in the case of classical
heat conduction and H = 10rj G in the cese of Bohm heat conduc=
tlon)es I would also like to underline again thatpxﬂ and energy
losses 1n the coils even when H = 100 kG can be neglected.

In the course of calculations the distributions of T and H
were obtained along the installation radius at various moments
in time. A typical example of the corresponding results 1la shown
in Fig.b6. One can eeglly see the layer near the wall where
the density is two orders of magnitude higher than that in the
centre,

It is necessary to teke into account the corrugation be-
cauge of two new problems, First is the problem of the defore
mation of force lines during the plasma expansion. In order
that the desired magnetic field configuration be preserved in
a plasma with[&) 1, it is necessary to have the wall conduc=-
tivity high enough (to prevent the penetration of the magnetic
field through the wall during the processes of deformation and
to0 maintain the shape of the field lines at least 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 fleld profile in the main part of the trap volume,
Here the field intensity may be altered by not more than an
amount of order unity, Numerical calculations confirm this

conclusion.
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More substentlal may be the fleld line deformations con-
nected with the longlitudinal 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 speeking, the following condition is satisfied:

2

Hoax > Sp~ p/w
8ir

where Sp = is the pressure change along a single mirror
and N is the number of mirrors, The meaning of this condi=-
tion is that the high pressure of the plasma is distributed
among many mirrors and each individual mirror withstands a
small pressure drop. It is seen that for large values of N
the lagt equation is quite consistent with the inequality
ﬁ > 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[aol. In this case the plasma
turned out to be, generally speaking, unstable (es in the
case of[&(‘l) but due to the effect of longitudinal lon
viacoslty the growth rates are sufficiently small and in the.
case of f > N2/2A there is mo 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 comsideration
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 conflguration taken) we have chosen the
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method of plasma heating by a powerful relativistic elect-
ron beam, For this choice there were the following grounds.
First., The absence of substantial distortions of the mag-
netic field in the case of plasme heating by relativistic
beams (as 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 Bur Institute whose interests
lay in the field of collective effects in plasmas and the
processes of beam-plasma interactioms,

In addition to that we proceeded from the general philo=
gsophical assumption that the high power requires high volta=
ges Although the transition to voltages of the order of a
million volts seems to be a complicated task, in practice it
will give significant simplifications,

Works on plasma heating are divided into two parts: the
investigatlons of beam-plasma interactions and the producti-
on of the corresponding electron beam sources,

First experiments on the relativistlc beam-plasme inte=-
ractions have been carried out in 1970=71 at our Institute by
the Kurtmullaev group [21]. These experiments showed that in the
case of plasma density u:)f-v1012r:m"'3 the beam can impart to plas-
ma 10-15 per cent of its initial energy. The energy transfer
from beam to plasma cannot be commected with Coulomb colli=
slons since the Coulomb mean free paths of the beam partic-

les and the plasme exceed the device length by several orders
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of magnetude. The only ré%onable explanation is the exci-
tation of microscopic fluctuations in the plasma with the
subgequent scattering of the beam on these fluctuations.
A corresponding theory was made by Breizman and Ryutov[21-
23] . 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
experiments carried out at our Institute during the last
two years{24] 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
n~3,10"4em™>,
Extrapolation of the data, taking into account the availlab-
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 voltages of~106V, total cur-
rents ~10° A and lifetimes of ~10"*sec.

The second part of our program is connected with the pro-
duction of powerful beams. First beams with currents up to
30 kA with the particle energies up to 4 MeV were obtained
at our Institute in 1969 with aid of a Tesla transformer
in a compressed gas. Financial means do not allow us to con=
struct inetallation as big as "Hermes" or "Aurora" and there-
fore we keep our attention on the design of relatively small
low impedance lines with insulation provided by super pure

water., This work was set up in 1969, 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 2,3 Q . The current obtaine& is up to 110
kA with 800 keV particle emnergy.

The strengthnening of the water gap due to the producti=-
on of conductive diffusive layers in the vicinity of the
electrode surtace was recently ﬁnyeatigated by Ryutov[zs}. The
results obtained give us hope of success in railsing the
break-down intensity of electric field by a factor of 4.
This will permit a substantial decrease in the resistance
of the water line. .

In conclugion I would like to draw your attention to
what would be a thermonuclear reaétor designed on the prin—
ciples I have previously described, The resctor is a strong
conductive shell (pee Fig.T7) of about 10 m length with an
internal diameter of about 10 cm; the average intensity of
the magnetic field is 105G; and the mirror ratio is 3.

The number of mirrors is about ten on both sides of the
shell, Plasma with a density of about 1018¢.=:n"'3 is prepared
in the central part of the device with the ald of an eleci-
ron beam which is injected from the one end of the shell,
The thermal energy of the plasma is about 10°J; and the 1i-
fetime of the plasma of about 10"4 gec ip sufficilent to ob=
tain a positive energy putput,

I do not dwell on the problems of engineering since in
general they are common to the other sysiems using dense
plasmas (like @-pinch with a liner) which are being discuse—
ged at this Conference.

Of coursa; the design of such a sysiem under the condi-

tions of the successful solutions of all the principal pro-
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blems is stlll a very complicated task. Nevertheless these
difficulties are on the order of the aim advanced and lie
within the limits of modernm technological potential,

I would like to return 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 ace
cumulated in plasma physics investigations are enough to
start on the realistic design of thermonuclear systems.

We have undertaken a reqrganization at our Instituie,
having left only the plasma physics investigations which
are directly connected with the design of thermonuclear
machines, I was very pleased to be concinced here at the
Conference that this my point of view became to be well
approved and now it 1s not regarded as indecent to talk

about realistic thermonuclear systems,
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Magnetic surface for:
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Fig.

a) corrugated system;
b) mirror machine

c) straight system.
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Fig. 3. The model experiment with cesium plasma.
a - diagram of a device: 1 =~ ionizer; 2 - coils of
magnetic field; 3 = vacuum chamber; 4 = pumps;
5 - probes; 6 - cesium vapor inlet.
b - magnetic field profile at the axis of the system.
¢ = incandescent probe: 1 - quartz caplllary; 2 =
tungsten wirea.

Fig. 4. Distribution of plasma density along the system axis;

a = in a corrugated magnetic field;
b - in a uniform magnetic field.
The sensitivity is 3,2-10%cm™> per division.
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Tig. 5. Stationary confinement of the plasma.

a - profile of a magnetic field (waves shown in the
figure on the left and right hand sides, continuos-
ly "dash against™ the region of homogeneous mag-
netic field; points - L, and L, are Pixed;

b = the profile of concentration.
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Fig. 6. Radial distributions of concentration n, temperature
T and magnetic field H (dimensionless units) at the
moment of time when the temperature in the centre
is maximum,
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COLLECTIVE INTERACTION
OF RELATIVISTIC BEAMS WITH A PLASMA

Ya.B.FATNBERG, V.D,SHAPIRO
(TUSSR)

Review Report *

I. Theoretical and experimental inwestigations
of collective interactlion of relativistic and nonrelativistic
beams with a plasma have convincingly demonstrated a high

efficiency of this interaction. During a short time 10 5-1077
sec at a small length of some santimetres beam takes off

a considerable part of its emergy for the excitation of
wave, for heating and accelerating of plasma particles. |
This part 1s 10-40% of the initial energy of the beam
for the experiments, in which the conditions of a long
resonance interaction of beam electrons with a wave are
provided. It is important that this part of energy is not
small for relativistic beams with a power of 10% - 1070 w,
That is why the possibility on principle of using of highe

'Report is founded on the theoretical esnd experimental
investigations, carried out by V.I. Kurilko, S.S.Moiseev,

V.I.Shevchenko, A.E.Beresin, E.A.Kornilov, S.M.Krivoruchko,
Iu;V.Tkach, L.J.Bolotin their collaborators and authors.



powered relativistic beams for effective heating of plasma _
with a density of 1012-10"® cn™> has not given rise to doubt.
At the experiments carried out not long ago on the Linear
Plasma Bebatron (LPB) it is shown that there exsists the
c.orrelation between energy losses of the belsam, plasma hea-
ting end intensive radiation from a plasma, For the beam
power of 5.10°W the radiation oscillations power is not
less than 20% of beam power,

Together with a heating by a besm, the problem of
excitation of the regular waves with a large amplitude

(simple wave and solitary impulse) +that is necessary for :
particle acceleration in a plasma is of a considerable
interest; Until recently the possibility of excitation
of the large amplitude wave with fixed phases and narrow
frequency spectra has been called in question. For its
solving it has been necessary to prevent the nagtural
process of development of plasma-beam J‘_.nteraction, that
has given an excitation of a wide wave-packet and then a
turbulent station accompanied by plasma heating and sno-
malous diffusion. The methods; worked out in Physical=-
'J.‘eg:hx;igal Institute of Academy of the Sciences of UkSSR
(P.Tek.), of a governing of beam instabilities gave pos—
sibility to advance in solving of the pmblem; At the game
time the main processes are now clearly determingted that
give reduction of plasma=-beam interaction efficiency,'. in-
creaging the time and length relaxation, and consequently
mgke difficult to use such an interaction. These effects
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are conditioned by disturbing of beam particle resonance
interaction with excited waves owing tos a) nonlinear
saturation of amplitude, increasing as é. result of reso-
nence trapping, b) nonhomogeneity of plasma density,
that le[:gcya] to phase veldcity and wave frequency
changing, c¢) spectral overpumping of waves as a result
of induced F?ci?ttering of plasmons '51{ the thermal plas-
ma partlcles and of decay processes, d) changing of
plasma parameters caused by escitation of ogcillationg
that leads 1;0 the disturbing of resonance interaction
conditions. In the case of relativistic beams as it
is known there is decreasing of the growth rate and
increasing of relaxation length, caused both reduction
of separate particle excitation intensity and auto-
modulation pe?centage owing relativistic growth of
electron mass. The other essential reason of not '
reaching the possible maximum of collective plasma=
beam interaction efficiency for the beam power of 1011~
-1013 W 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 focu-
sing of high-powered electron beam in vacuum and plasma
dilods.
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As it is known, for the relativistlc beam-plasma
interaction low-frequency (IF) waves heating the ions
are not directly excited besause beam elect;rqn velocity
exceeds considerably the velocity of I#-waves. The ions can
be heated by means of transformation high-frequency (ar)
waves into LF-waves or as a result of ion-sound and others
IF-waves excitation by electrons of bqck current, whose
velocities are near the sound veloclty. The second
mechanism is not sufficient, espeelsddy in the case of

Dy, 4 Dy because the energy contalning in the back cur-
I'|b

N

rent. At the cxperiments carried out in P,T.I. the ano-

rent is ( )1 times Lless than that in the forward cur-
malous efficiency of transformatlion of HF-osclllations
into LF-cnes for plasma-beam interactlon have been found.
Aboub 70% of HF-cscillations energy was found to trans—
form into LF-oscillatlons.

In this report the possible methods of elimingting
of processes decreasing the plasmas beam interaction ef-
ficiency are discussed, some posgibllities of focusing
and. modulating of high-powered beams are conslderated
and possibilities of using of anomaglous transformation

of HF-wave into LF-ones for plasma heating by tiwe beam

are discussed too.
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II: The possibilipy of effective transformation of
relativistic beam energy into plasma oscillations energy
has been first]‘.y shown in the work of +the authors gnd
Shevchenko /1/. The main conclusions of the theory = the
quasilinear relaxation of the beam has dnedimentional
character; the most effective relaxation takes place for
so0 called "monochromatic™ beams with a small angle spread
20« {nqé )'}/5 (nb,lnp - beam and plasma densities, corres-
pondently ). In this cose the beam loses the energy, compared wi’
with inttial beam energy W ™ nyme? (%)‘/3 y¢
at the length
' C Te \%
b m(—:‘:)‘ L (%)
(¥, - temperature of plasma electrons).
For the beams with a great angle spread the energy loss
W~n, mr_‘a/ is gained at the considerably greater length
(o0 2 s L, Je
% h, Wp (48)° Mc
For the case of relaxation of the beam in plasma with a density

np ~ 1014 - 10']5 o:;m-5 and beam current d ~ 105A relaxa—
t

J

tion length is of some centimetres. In this case & _ ,9~
40°¢ and for the real beame the criterion of n?oiochmmati-
callyy is fulfilled. For the beam power 1013 - 107%, achieved
at present, it 1s possible to heat the highdensity
(2~ 10" - 10"9) plasma in the magnetic trap (trensition to
such a density allows to reduce containement time considerably)
and also to use the relativistic beams for the initim_:ion of
impulse themonuclear reaction in the solid D-T target. In all t

- -6
these cases ( fk ~ {{}a__-_m ) the monochromagtical criter-

Np
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rion is not fulfilled and the beam relaxation becomes slower.

Nevertheless, for these cases relaxation length 1s small
compared with system sizes and thus collective mechanism of
relaxation provides oan efficient energy transformation from
the beam to the plasma oscillgtionsg., At the same time as it
has been noted in the introduction, the disturbing of the phase
resonance between the beem and wave caused by the nonlinear
interaction of waves, nonhomogenelty of plasma and others,
prevents to realize the collective interaction of relativistic
beam with a dense plasma and extends +the relaxation length in
such a plasma.

To reduce or to obviate the injurious influence of the
nonhomogeneity of plasma and nonlinear wave interaction it is
necessary +to provide the condltions for which the length of
collective relaxation were less +than the length of spectral
overpumping and li#ss than the characperistic value of density
gradient lefad:l.ng to the break-down of collective relaxation
process /2/. The decreasing of the relaxation length and hence
the increasing of the plasma-beem interaction efficiency cen be
achkeved by pre-n_lodulation of the beam and decreasing of its an
angle divergence. Programmed changing of the demsity allows
not only to avoid injurious influence of the nonhomogensity
of plasma density but to use 1t for the increasing plasma-beam
interaction efficlency and in particular for the eoli.mingting of
the effects of nonlinear saturation of the oscillations. In thes
these directions there are being _me_lda the experimental and
theoretical investigations in P.T.I.

4As it has been ghown in theoretlcal and experimental lnves-
tigations, made in P.T.I. , when the electron beam to pre-modu-
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late, the plasma-beam interaction efficiency is increasing
considerably and the relaxation length can be decreased /3/.
It is essential that owing exponential growth of the initial
signal amplitude in the process of the beam interaction with
plasma or decelerating structure the power needed for modula-
tion is nmot high, because for a small depth of initiel modula-
tion the needed effect has already achieved. This circumstance
is especially important for the case of relgtivistic beams
because in this case, when a/ to increase, the spatial beam
bunching is essentially difficult Let us consider now the
interaction with plasma of pre-modulated beam with a small
a:ngler divergence. In this case the ingtsbility is developing
in one-mode reglme and, as it is kmown /4/, the growth satura-
tion of plasma wave amplitude is connected with the beam.par—
ticle trapping in the potential well crested by the wave. The
trapped beam particles perform phase osclllations with respect
to zero phase of the wave and when to average over the pericd of
these oscillatlons do not exchange eny emergy with the wave and
the instablility is etabilizing. The part of beam energy, trans&
formed into oscillations, is relatively small -~ ( _fT‘L)'/s & i
The tramnsition to the relativistic beam emnergy leads, Pon the .
one hand, to the decreasing of the growth rate [~ J_) and
on the other hand owing to considersble growing of thi longitu-
dinal mass (m, ~ moxa) to the increasing of field amplitude
corresponding to the trapping. In Fig; 1l there are shown the
result of solving the problem of interaction £ of pre-modulated
monoct_xmmat':ic relativistic beam with plhasma by means of computer

f7a84a BL61112B08R % ThS BELA° oBErih® A0S M peid o2 o i




Fig.1
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vistic parameter ) . It is evident, that at the maximum
( (%:)'é (_:1 )1/’ {Vj) about 40% of the beam power transform
into oscillations. Purther increasing of the efficiency of such
a transformation can be achieved by means of maintaining of
the synchronism between beam and excited wave when pl;a.se
velocity 1s decreasing in the direction of beam motion. Being
trapping by the wave the beam particles are bunching 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 only the particle with an equilbbrium synchnisticgl phase
Y=Y but meny particles for which Y ¥ % are trap-
ping into synchronistical motion, so that maximum power of the
excj_.ted wave is comparable with the bean power; In Fig;a and
Fig.3 there are presented the results of the calculations
of this problem by the computer /7,8/ for the case, when syn-
chronism between the beam and the excited wave is maintained
owing to the profiled changing of the plasma density

n Vl 1,
hp(?):l’io [i+(_r\i_3_)liya f(z)]‘
P Vit
Y
Z = L)EZ (n‘\fo )3
Vo Np Vs Yo

VS - guoup vf.eaci‘tj o{- P&l&mq waves )(!I)J'S shown om F\'g 24
(the other possibility of the providing with the necessary
law of phase velocity changing is the using deceleorating

atructure with a varigble step)®.

*These theoretical conclusions are in a qualitative agreement
~ with the experiment (see /7/).
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For the synchronism conditions about 90I' of the besm power are
transformed into oscillations (see ﬁg;a). From the analysis of
the phase plane (fig;ﬁ)i it is seen that 85-90% of the amount

of beam particles are trapped into bunches, moving syanchronisti-
cally with the wave and decelc-.:rate upto the wvelocity compared
with thermal plasma velocity.The rest of particles does not
brapped into synchronistical motic?n and practically does not
exchange any energy with the wave. There are some others possi-
bilities to maintaim +the synchronism between the monochromatic
beam and the exclted waves. In Fig.4 there is presented one

of these possibilities - the using of the electric field

E. « m&* ( § - growth rate) allows to compemsate the

¢ ex
beam losses for the wave excitation and provide the continuous

growth of wave amplitude. Thus the carried analysis indicates

the possibility of the effective energy transformation of the
relativistic monochromatic beam into plasma oscillations.

III; @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 excita.‘!:ion of solitary waves (solutions) by the intense
electron beam. Below we shall dwell on the preliminary theoret-
ical and expez'imental results of the solving of the problen,
obtained in /9/. In tae plasma, placed in a magnetic field, the

wave propogating under the angle to the field with a phase velo-
city /%4 L represents solitary electron density

K (1+92¢ )%
impulse (solution) L'“/’9,10,11/.
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The mechanism of the origin of such a solution can be easily
explained for the limit case of infinite strong magnetic field
fleld. At the centre of the electron bunch, forming the

soluton, the effective plasma dielectric x constant

frn ‘%E;_m\%— is negative and the Coulomb repulsion of
the charges of the same slgn changes on their attmaction,
while on the periphery of the bunch H > 0 and the repul-
sion of the electrons takes place. During the solaton motion‘
through the plasms it occurs that the solaton is strongly dam-
ping owing to the soldton emergy absorption by the resonant
partlcles, reflected from the potential hump. Similarly to . |
the electron beem moving through the plasma and allowing

to reverse the Landesu damping on the periodic waves, the

solutén interaction with the electron beam moving faster

than soliton, leads to the reversibility of_the effect

of goliton demping and to its amplification. For the bea.ﬂ': 1/

with g diffuse dlstribution over the velocity ’4\7\"/» (‘VT‘:)S

the adiabetic amplificatlion of the soliton takes place l

without éhenging soliton fom; The amplitude of soliton !
potentiael 1s growing to the value

/s
the electric fleld energy density (.:_P) » times of
b

tb.at;_for tha.excitation the monochromatic wave by electron
beam. In Fig. 5 there is represent the series of the
ogcillograms for the case of damping of the soldton (oscil-
logram (a) ~ without the beam) and for the case of ampli-
fying of the soliton (oscillograms ( £ -g) - withbea.m);
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On the left serles of oscillograms the soliton is shown to

be registered by a probe which 1s situsted at a distance 5 cm
from a grid exciting the soliton; on the right series there

are the oscillograme of soliithn after passing the distance 20cm.
For the oscillogrems §-cd the beam velocity V) is a para-
meter; From these oscillograms the spatiasl distribution of

the solhton is determined. The soliton is being amplified
ultil its phase velocity does not exceed the beam velocity,
therefore the experimentally measured maximum value of Mach
number is proportional to the beam velocity (Fig.6).

IV. In some experiments with high-current relativistic
beans e |01' ~ i{)s A ~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 heati_.ng and acceleration of the plasma electrons and
ions /12/. ngever, the SHF - radiation from plasma was not
investigated. The purpose of t:}}e'experiman?s'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_"bo
15 kA, +the energy was changed from 100 kev to 150 kev.
The main measurements were carried out for current 5-7 kA,
energy 100 keV, current impulse duratign 1076 sec; Tt
was shown that for the beam power ~ 5.108w the SHF-radig-
tion power was 20% of the beam power. and the frequency

of excited oscillations was changed within (11-12).109 cyeles p

H?r Eecond at the further growing of the beam power the ra-
ation power was increasing so, that the break—-down took
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plase, that however can be removec} if the more effective
taking-off arramgements are used., In the experiments 1':he "
next method of measurement of SHF - radiation was used.
The plasma=beam interaction took place in the region whicl?
is limited by semispherical mirrors of the open rgsonator; )
One of the mirrors was connected with a waveguide. The measus
rement of the power was carried out w:‘Lth calorimeter and
with help of calibrated detectors too, In the last case
the signal was pre-att_enuated by means of get of T-branghs
snd attenuators on 100-120 decibels, Thus caried experi-
mentsg shgw a high efficiency of_energy transr?mation from
the high~current beam into SHF - oscillations. The further
increase of the transformation e?ficiency can be achived
by using the pre-modulated beams. L

The experiments, carried out in P.T.I. with a high-
—current ( 3y -~ 50 kA) relativistic ( ¥= 3) beam show
the possibility of modulation of such a beam at the inter-
action with develarating structure of kind of waveguide
loaded by discs at the frequency J( = 1010 (A=3 cm)
which is resonant for the plasma density n, = 1012 cm-3:
The problem of besm modulation at the frequencies which
are resonant for dense plasma np='1o"8 + 1012 w3 and
n= 10°% cm? 1g move difficult. It is the most per-
spective to modulate the high-—current relativistic beams
by mesns of the light'with using the powerful lasers

worked out at present:f The modulation of the electron

* = The posgibility of using of standing waves for :

the partical wontainement is konsidered in the work b%}
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beam by the light has been considered in [18-2[1]pne
of the possibility of beam modulation by the light is the
using the transformation of the transverse oscillations
into longltudinal ones by means of cylindrical diffraction
grating filled with a dtelectric. The using of the dielec~
tric gives the possibility to develerate the wave provides
the synchronism between the wave and the beam. For these
conditions the modulation of the beam density caused by
the longitudingl field is determinated from the relation:
.. 4fale
n m“\"!' (“)‘ kz"ﬂ)l
where it is taken into account that in the taken system
Ky « Kz « At resonance condition  w -V, ~ kzaV
(av- ‘%‘; i igl - the longltudinal spresd over the
velocity in the beam). Assuming A‘J—-[D:lc . E, -0 {=1) Et
y~3 ' W =  2°10", ve obtain
that for sppriciable modulation of the beam (54 . (o)
the necessary power of the electromagnetic wave is the
value of order 3 0™ § 3"]0“3 We

The other possibility is the beam modulation with
electromagnetic wave propagating under the angle'to the
beam direction. Int this case the force ~ [V, H.] « Then

on ¢ By k seny

ke (- pisin't)

m} (@-%z% - K, VeB)*

where o0 - angle spread over the velocity in the beam.
The using of a dielectric, in particular gas, for the
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deceleration of the wave can Qrovide the sm:}chronism
between the beam snd the wave; W= K, Wy « In this

case assuming the angle sp;-ead in the beam 46 ~ 10-1 >
the angle Y~ 1, W= 2'101 we obtain that for the
beam with Kﬂ, 3 and é_hﬂ,.,‘lo"' the electron wave pgwer
which is necessary for modulation is equal ~ 1072 w.

In 1s necessary to note that the using of. the beam with

a modulation percentage ‘S_h"lw '10-'2 L 10_1 gives the _
opportunity to decrease the relaxatioﬁ length of the .E-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 a.rranglmt due to the using
the klystron mechanism of bunching.

The question of‘the focuging is ¥ery important for
the relativistic beam. This question is acquiring especial
significance in connection with the problem of utilization
the relativistic beams for the initigtion of the impulse
nuclear fusion in the solid D-T target and with the working
out of combined besm-laser method of heatingi At present
conslderable successes are achieved in the focusing of
relativistic beam in the diod by using radlal drift of
beam particles in the crossing E and H field [‘14}.

Ez is a longitudinal external electric field, created

by the explosion of the wire, H - own magmnetic field
. =
of the beam current., The drift [ xH leads to the radial
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focusing of the beam. This way at present the radial focu-
sing of the relativistic besm with the current J = 100-250kA
is provided up to the size of 2+ 3 mm, t};e current rf}ensity
in the focused beam is the value of ~ 5'106 A/cm2 «To
provide the effective internation of relativistic beanms

with plasma there are important such methods of focusing
which lead to decreasing of the angle divergence in the
bea.m: In this connection we consider that the collective
methods of focusing of relebtivistic beam cl'.onnected with_
developing of inetability are perspective. The angle di-
vergence in relativistic beam is caused by bsi':atron. oacillg.—
tions of beam particles in own magnetic field. These oscil-
lations lead to the situation, when at the relativistic
beam~plasma interaétion together with usual instability

of the Baongitl}dinal waves the electromagnetic instability
is developing. The condition of the resonance interaction
of beam particles with the wave is written in the form

W=KV 4nQ, M=o+ 22, B

.

J. = the frequency of betatron oscillations. At n > o
(normal Doppler effect) this condition is fulfiiled for
the fast electromagnetic wave W> kC that leads to the ‘
d.eveloz')ment of electromagnetic instability of the besm in
plasma. The growth rate of this instability is . |
s w;/s o’ ( “_\"—')2/3 for monochromatic beams and § e fi".z

for the baamscwith a large angle spread. The msta%)nfg'r'z ‘
leads to the radiation of electromag;letic waves from the

plasma and to the focusing of beem due to the recoil impulse.
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Betatron oscillations of the particles are damping and

angle divergence in the beam is decreasing. Characteristic
w |

& )- Ca/wp?_
is usually small so that the proposed mechanis of focusing

length, on which the focusing occurs, {~Jrg <ab>

is rather effective{ﬁle congsider now the question about

the mechanisms of dissipation of the plasma oscillations

energy. The relativistic beam excitates directly the fast
plasma wave which can dissipate due to the non-lix_lea.r e?f—
fects of transformation HF-oscillations into IF-ones.
The dissipation of energy of the relativistic beam in
plasma can be also achieved due to the excitation of _
LF - oscillations by the bagk current and due to the mo- )
dulation at low fr.g;uencies; As theoretical and experimen-
tal investigations carried out in P.T.I. have shown the
initial modulation of the beam at low hybrid freciuency
leadg to the direct effective heating of electrons and
ionse. The lower freciuency oscillatigns leading to the '
anomalous diffusion are not excited. It is shown experi=-
mentally that for modulation on low hybrid fre;iuency abov.‘:.t
30% of beam energy can be_transfered into plasma‘heuting;‘
The transformation of HF =~ oscillation into IF - ones is
connected with a decay of L.?n@uir oscillations into |
Lengmuir and ion-sound ones. Such a transformation is

especlally effective for the interac?tion with plasma of

the monochromatic relativistic beam. At the amplitude

Langmuir oscillations excited by such a beam typical time

of the non-linear transfirmation HF into ILF-oscillations

10 R
is 'ﬁ'~4 $F By
Vidpe I3 Ngme' Yy
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Becguse of the small value of the velocity of the LEF -
- oscillations typical length on which their excitation

occurs is small too:
e e |

! T

E - ‘/D We V_:f_“: !
This 1ength can be compared with that on which the HF-
- oscillation excitation occurs. At these cond.'l_.tiona decay
instabllity leads to.’che more effective teking—off the
energy from the beam. Because the excitated HF — Langmuir
weves have a megative energy (phase velocity is less than
the velocity of the beam bunches) then at the decay the
energy dissipatio:} of the.?.e waves leads to the increasing
of wave amplitude. In Fig. 7 the energy taken off from
the beam is sl}own for the various value of parsmeter
As (%Y . Tt is evident that including the decey
ingtability leads to the considerable increasing of the
totgl energy of the oacillationsi The chenging of the
HF & oecillations amplitude slong the besam 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 ~ fh (the period
of phase oscillation of the trapped Pa.rbicles) and the
period of the decay instability fn; At the /| large
enough ( A>A =4) such a l?eating leads to the "phase
mixing" in the beam (see Fig. 9 in which the dynamics of
phase plane is shown) and at these conditions the total
energy taken of:f'from the beam due to the decay has not
alrady increased. The amplitude of the ion-gound oacilla;-
tion excited at the decay is of order

E‘L.F_ ~ (hé‘ 5 )’5 Yo E.

nPV
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Thug the amplitude of the LF — osclllations and that of
the HF - ones can be the same order at p ~101*, y» 5
T 9 ke'\rf EH{« E“F’ Z{Dm 10 bﬁ.

Another possibility of the heating is the using of
the back current, whose dissipation also leads to the
excitation of LF = oscillation and to the heating of
plasma L‘IS. 46] . The advantage of this method is thab
the back current transi;‘orm the energy directly to the
ion-gound ogcillationse. The shortcoming is that the power
of back current is a amell part ( "*’/HP )2 of the
electron beam power. Therefore the heating time is essen-
tielly growlng so that the working out c‘Jf the sources
with a great time duration is necessary; Let us compare
the efficiency of heating to the transformation H‘E" into
LF oscillations with a heating by the back current. The
ratio of the values obtained in these two cases is deter—
mined .by the relation

(neT)

4
becay Ne _85 ( EE. .Y:.) ' Y
: = n, " Vuyy e Vg
K hl‘ 3 3 back c
! cuile hi '
(Ty - clecrtmnt of ionsound  J .y = effective frequency of
the electrons for the turbulent plasma, v U - ’
-2 : B
— 10 (e ) )e For the beam and plasma paremeters

Iy 12 -1
S R T O I PO LA

The extimates, carried out above, the experimental invesgti-
gations with a low-powered high-current beams show that
in prineciple the collective mechanism of the heating o
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plasma with a density 107 & 10" cn™® by the beam is

realizable.

V. It is also advisable to dwell on the role of plasma

non-homogeneity in the processes of the wave transformation.

We consider first of all the question gbout the linear
wave transformation in 'Fhe non-homogeneous plasma - beam
discharge ( (y>S> Wp Y. The main pecularity is the '
strong:!.y pronouneed gnisotrophy of the transformation pro-
cesses. Remember first of all thet when propagating in the
direction of density growth excited plasma waves with a
high reflection index are being transformed into radiated
transvese oscillations and at the inverse propagation are
strongly being transf?rmed into Langmuir oscillgtion and
are being damped [17]. It is essential how the beam modes
transform into plasma ones. The exact analytical theory
for the case of nonhomogeneity smoothly chamged along the
mggnetic field shows that the slow beam mode, propagating
into diérection of large density beglnsg to transform partly
into transverse wave that does not ampM.fy and then the
amplification of the beam mode occurs: When beem moving
into direction of the desce:.;tt'of density the amplified
Lengmuir wave is arising, i.e. the effective plasma heating
is possible, Thus the plasma nonhomogeneity along the
strong magnetic field promotes the hegting of plasma but
by itself the nonhomogeneity does not lead to increasing
of radiation of transverse waves. On the other side taking

into account the transverse nonhomogeneity the slow wave




of space charge (with a negative energy) flows out of
the beam into plasma and excites the plasma oaci__llations
which are being amplified in the beam direction. From the
calculagtions it follows that the coefficients of transfor-
mation ( @ ) and emplification ( K ) in this case are
connected by the next relation
K = E_Ll_, ’En @

4a U
Here 2a - the width of the beam, ,,,})_'3 L = eroup velo=
cities along and across the beam correspondently. It is
also interesting to pay attention to some features of the
transformation in the nonhomogeneitly plasma of the waves
excited by a narrow beami The influence of the nonlinear
effects and the plasma ten'lper.atu.re is growing with a
growth of the beam energy. So the maximum coefficient of
the transformation into the second harmonic of the trans—
verse wave (, = (% )2 ;D‘f"-” ( H is the value of the
magnetic field of the :tund.amental wave, f is the para-—
meter of the geometrical optics). I‘iex-e it is supposed
that ﬁSP «4 # where Jﬁi= ‘{'sz » Further, the carried
calculations show the essentisl growing of the coefficlent
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 Af,ﬂ_ of
dielectric constant of the fundsmental wave can lead to
the penetration of the wave over 'I_:he returning point if

A€y » .E';. is fulfilled.
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APPLICATIONS OF INTENSE RELATIVISTIC ELECTRON

BEAMS TO CONTROLLED THERMONUCLEAR FUSION*

R. N. Sudan

Laboratory of Plasma Studies, 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 beam
current density up to 5 x 106 A/cmz, 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 to Controlled Thermonuclear Fusion 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 schemes or more
dramatically, they can compete with 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
heatin93-17 and (2) creating minimunr}Bl field geometry in toroidal systems.l8 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
closed-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 < 10 nsec and beam

-22

— A
focussing to approximately 108 “ 109 A/cmz. 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-

4,6,10,11,23

stream instability generated by the beam electrons and the turbulent

heating caused by the plasma return current induced when a beam is injected into a
plasma..s'8

is dominant.

Both these processes can occur but in different regimes one or the other

Two-Stream Instability Heating. It is well known that 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,d these modes self-stabilize by creating a spread in
in the beam transverse momentum. In high current beams, there is always an initial
spread in the transverse momentum Ap| = my c <92> created in the diode and also in
traversing the anode foil. This spread can easily prevent the growth of transverse
modes. More importantly, Rut:!akt:w5 pointed out that since Ap| is accompanied by a
spread in the parallel velocity of order Avl |/c: LY Y-l(yz-li (1 - Cos <92>J‘)
the strongly unstable 'hydrodynamic' phase of the longitudinal modes (kl=0) may be quenched.
Thus it was predicted that for high current beams with sufficiently large <62> 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 analysis Sroeiaead
of the quasilinear evolution of this instability have appeared in the Soviet literature.
The estimated interaction lengths in these calculations are widely different because
of different assumptions as to the nature of the dominant nonlinear process.

In order to resolve some of these difficulties, I will now describe the results
of a one-dimensional computer simulation of a relativistic beam interacting with a
uniform homogeneous plasma.m In most of the computations the initial spread in the
beam velocity Avl l/c << (n.b/2ne) 1/3/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 AV] [/c % (nb/2n6)1/3/*{. The final results
were not significantly different from those given by an initially cold beam with a
lower mean energy. Figure 1 shows the results of a typical run with y = 4 and
nh/np*=10_2 with the beam cold 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 electrons 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. 1 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 instabilityze_za

computed using the
saturation amplitude of the primary spectrum. At high wave numbers where Landau I
damping becomes strong, the agreement is not so good (see Fig. 2). These secondary

beat waves are close to the plasma frequency wy and their wavelength determined by the ion
fluctuation is about kAD £ 0.2. Their phase velocity is low and they resonate with

the tail of the electron distribution function. During this stage the energy in the

< Eprimary spectrum heats the tail of the electron distribution to high enerxgy. The
jwave spectrum at wet = 900 is seen in Fig. 3 showing the emergence of the secondary
'waves. In Fig. 4(a) we see the spread in the beam momentum distribution at the instant
I‘Of wave saturation u t = 375 and in Fig. 4(b) the plasma electron distribution with

|
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This stage

its energetic tail is plotted at the end of the second stage w t =1000,
is very similar to the calculations of anomalous electron heating by lasers with
2?'30 In E-beam heating the large pump fields are self-generated by the beam.

W= W .
e
The fraction

A summary of a series of simulation runs is presented in Table I.

K of the initial beam energy which is transferred to the plasma electron is of order
Of this energy, the tail contains at least 60%.

25% at the end of the second stage.

Following this stage the waves drop in amplitude and the heating rate is considerably

reduced. The final electron energy appears toc scale linearly with y and nh/n . In Fig. 5

the electric field energy at the tlme of wave saturation W=E|Ek[ /(Bﬁnbmc Y ) is plotted

as a function of the parameter S—B : (nb/2n )] 343 from the almulatlon runs. A similar

result has been reported by Matsiborko et. al. Notice that W peaks at Sv0.6. The

curve represents the theoretical prediction which I will discuss now.
A single unstable 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 waveframe 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

A/2 dx @ l
= n me Y l/2 = _i dp £(x;p) {y, = ylx,p) + B (p - p(x/p))} = de; + Ae, {
where mep and Yr are the initial beam momentum and energy in the waveframe, i

-4
2
B.. = wa/kom and Vi ™ (1= B . Let Ael

W
and ﬁaz from the remaxnder, ael represents the spread in energy and Aez is the change

As the wave grows in amplitude IAeli and Iﬁezl both increase
> 0. For 5 << 1 the energy spread

be the contribution from the (Yr-T) term !

in the mean drift energy.
from their initial values; however As < 0 and As
is negligible |AE | << IAE [ and one can regard the bulk of the heam electrons to
= so that the beam which was 1nit1ally described by f(x,p) = L

rotate rigidly in x-p space

5(p-pr) is now half a revolution later mﬁ{p+pr). With this distribution Ael = 0 and

Ae, = S/(1+5) ghich gives

2
E
W=e—2- =% s/(1+s) "2 :% S for S << 1,

2
16nnbmc X,
noting that yw/Yo =
between the electrostatic and the oscillation energy of the plasma electrons.
This is evident from Fig. 4(a) which

(1)

(1+S)-¥ and the factor % comes from equipartitioning the wave energy
For

S 2z 1 the energy spread IAE1| becomes important.
shows the beam electron distribution at the time of saturation.
by assuming that the wave amplitude reaches its final value suddenly the

If indeed we calculate

Ael and Aaz
energy loss Ae scales more like S/(li—SJ_2 and we obtain

52 (2)

L e~

s

W =3 8/(148)

An alternatlve viewpoint is to say that because of the increased energy spread in the |

i

beam the effective number of beam electrons that are trapped by the wave is given by |
neff/nb = (YW/TD} . (3)

{
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as a corollary of Eg. 2 we conclude that for large S the beam transfers a gmall
fraction of its energy to the wave. But from Fig. 4(a) we observe that the beam dis-
tribution is approximately constant up to some maximum momentum p . From conser-

vation of beam energy we may conclude that the maximum energy to which the beam

electrons are accelerated during this state is given bylo
Y =2y - !.n(4T°l/21'° . (4

which agrees well with the data shown in Fig. 6.

What conclusions can we draw from these simulation results? (1) A strong inter-
action takes place for a beam with a narrow spread in Vl l. (2) A significant fraction
of the energy transferred to the plasma ends up in a very energetic tail. (3) The
ions are relatively unaffected. (4) The dominant nonlinear effects are wave saturation
by beam trapping and the transfer of energy in the primary spectrum to low phase velocity
beat waves taking place through a parametric instability or monlinear Landau damping when
the primary spectrum is broadened. We have observed nonlinear scattering to superluminous
waves but this effect is not terribly significant for plasma heating.

A rough estimate for the interaction time Tt for rapid energy transfer to the

plasma electrons is to take the sum of the time '::ken to reach wave saturation and
the time for the primary spectrum to decay in the second stage. Since the two-stream
saturates in a few growth times and the second stage is largely governed by the
growth rate of the oscillating two-stream instahility27 we obtain,
g = GO [o 0 + 5] . (5)
where ﬁrs/ue = 0.87 S/'rz and G(B/me = 0.707 (me/mi)!!(kvE) (mlz1 - mzfl’
s i)Y, o = ue(1—5/212) is the typical frequency of the primary spectrum, V, =
enofmo and E is determined from (2); typically kA s 0.2. .

At the Naval Research Laboratory, Kapetanakos and Hammer have found that the

where w_ =
R

coupling efficiency of a 400kV, 40KA, v/y = 1.5 beam to mirror confined plasma is
optimm (= 25% is claimed) when the beam and plasma densities are about equal and is
independent of the magnetic field in the range 2.5 - 5 kg. This result may be
interpreted as follows. The rms angular spread <92>l‘ for this beam is estimated at
30° which gives a spread Av”ﬁB = 0.13. As observed earlier, for strong interaction
1-57_1(nh/hp) /3 2 AVI INB which requires nh/np % 0.25. Thus for high current E-beams
ghich in general hawve a finite spread '<(}2>!I the two-stream instability is strong only
shen nb/np is abowe a critical limit. This is also a feature of the experiment reported

iy Goldenbaum et. al.]'4 where a 1MV, 50kA beam was injected into a weakly ionized He
olasma of initial density 5 x lﬂucm-3. During the pulse the density rapidly
14

huilds up to 5 x 100 and the electron temperature (as measured by observing the
intensity of the]]e]:nlﬁaﬁg line) jumps to 500ev (initially “vlev) in less than 25 nsec.
Copious emission of ¥-rays, in the energy range 50 " 400kv with a maximum about ~~200kv,
is observed during the pulse. %his supports the prediction that energetic tails

in the plasma electron distribution are created (also a spread
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of the beam electrons to lower energies). Furthermore, since burst of hard X-rays
are observed about 1lOusec 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 for a beam of

M
radius 'a' propagating in a conducting tube of radius 'b' is given by
i 1 2
WM/Nm«:ZY =3 v/ 8L (6)
where chzv is the beam energy v = Nezlmc2 and L = % + 2 &n(b/a) is the inductance

per unit length and g = VB/c. As v/y approaches unity the Alfven-Lawson 1imit,34

clearly propagation is not possible. When such a beam is injected into an ionized
medium a return current IP equal and opposite to the beam current is induced within
the beam if 'a' exceeds the electromagnetic screening length r.-/me,:ish38 thus neutralizing
the magnetic field and allowing the beam to propagate. This is not a steady state
however, because as a result of the finite conductivity ¢ of the medium, the induced
currents will eventually decay with a characteristic time T =z 4wna2/c2, the magnetic
field builds up and energy is dissipated in the plasma. The amount of energy dis-

sipated per unit length, K, is given bys

t t t
= 2 _ ae = a 2 = - 2
K = i Ip R dt i I, It dt i dt at (5L17) IE¢ LLT (7)

where I = I_ + IB the net current, ¢ = LIB is the flux linking the beam current and
we have assumed that for a relativistic beam IB remains reasonably constant even with
a large drop in energy. If the net current at time t is the fraction f = I/IB then

K = (2f - fZ)WM 3 . (8)
The maximum value of £ = IA/IB because by then the net qdrrent_equals~the Alfven-
current and propagation ceases by virtue of Eq.(6). Thus

Kmax = LIBIA (9)
for IB/IA =v/y >> 1. 1In praqtice a guide magnetic field is necessary for stable
operation whose magnitude should at least exceed the self-field generated by the net
current I. Assuming ¥B =1MA, vy =3, L = 4.5 phenries/m, we have Kmax = 23 kj/m.
The time Tcheeded for this energy to be deposited is5

Vi ™ (IA/IB) (4ﬁda2/c2] i (10)
which depends critically on the conductivity. If the drift velocity of the return
current VP = c(nb/n ) is larger than the electron thermal velocity 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 experimentally or theoretically by such expressions as Sagdeev's formu1339

2 14 -3
(

= 2
* = i ;
v 10 v /cs)(Te/Ti)mi . Taking nP v 2 x 100 em T, beam density v10kA/cm and

vE 10lD for these conditions we obtain Tp.< 102 nsec which is about the pulse
duration of currently available beams.
To understand the micro-turbulence created by the return current and its inter-

action with the waves generated by the two-stream instability we have executed a

- |




geries of one-dimensional computer simulation runs including both the beam and the

return current. The net current is maintained at zero by the requirements of the

J problem and this generates an average electric field that is given by the quasi-linear

! equations,
4w b 3 3 amv* "
> mw— e fd D, <f£,> = — S a 11
<’ 7 1% v Dy W T4 2 j 3./ (11)

| e e
l where J‘P is plasma current density, j refers to the particle species gj = (ej/mj)2 <
L

SE (x,t) J dt' 8E (x(t'),t")> is the usual quasilinear diffusion coefficient given in
terms of-mthe fluctuating micro-fields SE. <E> is the electric field that extracts
| energy from the beam and delivers it to the plasma. Since v* is proportional to <E>,
| in the simulation runs <E> gives a direct measure of v*.

Figure 7 and B show the rate of electron and ion heating respectively for
nh/np = 1/9 and a cold beam with y = 2, 4 and 8. The results from an initially warm
beam with <y> = 3.07 and AP /po =0.25 are also shown; no qualitative difference
between the cold and warm cases can be observed. The peaks in the electron energy towards
the beginning are caused by the rapid rise of the two-stream instability. A check
run involving no beam but only a constant return current with the same drift as the
‘,‘other cases is also shown. Notice that the rate of electron heating is relatively
unaffected by the presence of the return current while the rate of ion heating is not .
determined significantly by the two-stream instability since the case with no beam
gives comparable heating. Up to about wet = 500 the Buneman-Budker instability of the
' drifting electrons and ions is operating (VP > Ve the electron thermal velocity) and
after this time the instability develops into the ion-acoustic mode because at this
point Ve > Vp as shown by the electron distribution in Fig. 9 (met =500 ).

For the case y = 8 the growth rate for the Buneman-Budker instability, :SB,is higher
than the two-stream instability '5'1" This results in a slightly higher ion energy at
wet = 500 because the electrons take longer to heat and the transition to the more
slowly growing ion-acoustic stage is delayed. The opposite is true for y = 2 for
‘which 63 < 6'1" Figure 10 shows <E> as a function of time and v* = 0.2 o at met = 500.
The wave spectrum for y = 8 case at w t ~ 680 is shown in Fig. 11; notice that spectrum
is described approximately by |Ek|2 ak " where n is approximately 2 over most of the range.

Figure 12 gives the ion distribution at met = 680 for the case y = 8. The mean
ion energy has increased to 0.7 kev from an initial value of “Sev. The ions are con-
tinuing to heat at a rate given by 1.25ev/we_1. The measurement of energetic ions
in a beam-plasma experiment reported recently by Korn, Sandel and Wha.rtonle gives an
indication of return current heating. Beam currents up to 70kA at § 500 kv were
injected in a 5%8 x l()zl':‘!cn'nw3 fully ionized hydrogen plasma in a magnetic mirror
2.5 v 6kg. The perpendicular plasma energy as measured by the diamagnetic signal has

a threshold around 8kA and thereafter.increases linearly with beam current to v100j

at 60kA. Quantitative estimates as to the relative importance of two-stream instability
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vs. return current heating are not possible because of lack of measurements of the

individual electron 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 1013_,101501“"3 in magnetic fields "50kg. Based on
pseudo-classical diffusion in an axisymmetric system Yoshikawa40 computes the fol=-

lowing parameters for a possible fusion device:

BT (toroidal) 50 kg Plasma volume 2 x lOsza .
I (toroidal) 2 MA Density 2 x 107 "cm
Major radius 256 cm Ignition energy Wig 19.2 MJ
Minor radius 64 cm

For an energy confinement time t of 1 sec the minimum power required is Pmin = Wiq/'r = .
19.2 MW. The total energy supplied by a constant power source is W = PT loge(l-Pm._n/P} =
wiq for P >> Pmin . When P is just greatfer than ?min' W is correspondingly larger than
wi.g' 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. 1In this application one could tolerate pulse durations of order micro-seconds

but this needsfurther development in technology. For this plasma density range high

v/y beams of 21 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 Meixel4l at Cornell is shown in
schematic form in Fig. 14. The field lines 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 Torrql. The effect of a preionized plasma on the magnetic
perturbation needs investigation.

19-22,42

High Density Plasma Heating. Recent progress in focussing of E-beams

has resulted in peak densities in excess of 2.5 x 1065/-:!:12, beam density 'thl5cm-3,

energy density mluzo—lozlev/cm3, with total current in the focussed region well over i |
10?kA. An attraétive possibility is opened up by these well-focussed E-beams to heat

directly a high density lUlT’MlDlgcm-B plasma to thermonuclear temperature. Dawson et.

al.43 have considered the use of high power 0;‘02--1\12 lasers to heat such a high density

plasma. E-beams, however, have the advantage over COZ-N2 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

nD = nT = n/2. The confining magnetic field for B = 1 is given by
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B=28.9x10° (nm)* gauss (12)
where T the temperature is in eV. The loss rate for B = 1 plasma confined in a
magnetic cﬁsp 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:

=1
(a) T, (E/Cs)(R/ri)(l+ri/R) (13a)

3
(b) T, R(E/DCS) ; sheath thickness A = (DE/CS)% (13b)
where R and & are the radius and length of the plasma spindle and C_ is the sound velocity.
Introducing the Lawson condition which at T =z 104ev is nt = 104 we obtain for the

input energy

w: =102 re’/B W (14a)
and W?g =5x 109 Ta/z(D/n) MI , when A >> T, (14b)

The choice of D follows the fashion of the times. In the post-Bohm era we
may pluck enough courage to use the pseudo-classical Eormula40 which for g = 1
differs only in numerical coefficients from the classical. In this case w?_g=6.7x109'r/132 M7,
For Afri, w? provides the better estimate for the input energy. For B=1'5Mgrﬂ=4-5xlolBCm'3,
ﬁRZL-d,.lxlDamna, Wig=E-OMJ at T=104ev. At these high plagma densities retirn current heating will rot be
particularly effective because TRC which scales as n; (assuming v* a wi] can exceed
presently available pulse durations. The two-stream instability heating time that
scales as wy (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). Experiments on a reasonably large scale (BIO%HMSij beam energy) are needed to

establish the scaling of the loss processes in this high density, high B 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 in those experiments
in which the self-pinching forces of high v/y beams are utilized within the diode
itself. By forming a dense plasma channel with an exploding-wire discharge within
the diode, Vitkovitsky et. 31.22 have claimed current densities in excess of 107A/cm2
at the anode. The current of electrons greater than 40 kev is about 2 x lOsA and

has a half width by order O.lcm. The electron energy fluence at the target is m40kj/cm2.
21

Current densities of 5 x losa/cm2 have also been achieved by Yonas et. al.

They have also numerically computed the electron trajectories in the diode. The electrons
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emitted from the cathode E x B drift towards the dicde 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 neutralization. Much needs to be done both experimentally
(by way of diagnostics) and theoretically before a clear picture emerges of the
physical processes occurring within the diode.

MAGNETIC FIELD SHAPING (ASTRON and RELATIVISTIC COILS). By injecting high current

18
E-beams into a neutral gas at a pressure of a few hundred Torr, Andrews et. al.

demonstrated that fully reversed E-layers can be created by a single pulse in a
magnetic mirror field "n220g. Later Expcriment546 have shown that such strong E=~
layers are focused by their self-fields into a doughnut configuration which is in
line with the equilibrium of a relativistic electron coil47. These E-layers appear
to be stable and their lifetime is in large measure determined by the scattering
time of the high energy electrons with the background4%%é?8 An externally applied
toroidal BB field stabilizes the "dump" of the layer that occurs when the EEABZ/EZ
on axis has dropped below a critical level. Recently Fleischmann and collaborators
Cornell have been successful in creating E-layers with g(initial) = 0.8 which
have a lifetime of "120usec by injecting a 3.5MeV, 50 kA beam into magnetic field
of 1039 at «]l Torr pressure H2.

At Livermore the Astron Groupso has also tried injection into neutral H? at
0.1 Torr. E-layers with ¢ = 0.4 and lifetimes of “vlmsec have been obtained Sy a
single pulse of a 6MeV, 650A, 340nsec beam. A toroidal Be s Bz ~ 500g is found to
increase the beam trapping efficiency to 50% and circulating currents in excess of
13kA are recorded. Both at Cornell and Livermore the precessional instability of
these layers is stabilized by the Be field.

These results are very encouraging for the concept of relativistic electron
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coils. Yoshikawa has suggested the Astron-Spherator in which B, >> Bz and the

beam is 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-symmetric toroidal system is supplied by
an injected E-beam (or runaway electrons?l%he equilibrium differs from the usual
MHD calculation only by the effect of the centrifugal forces on the beam. The
center of a beam propagating in a cold plasma is shifted outward by an amount GB

which is?’ 5
# I.(&)
R T

B MHD R Il(E,) e

where GMHD is the expression given by shafranov?zR, r, are the major and minor radii

of the conducting vessel, rp is the plasma radius, I_, and I1 are Bessel functions and

0
E= rpub/y%c. These calculations have been extended to a beam propagating in a

plasma with finite pressure.5
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The stability of the Kruskal-sShafranov mode for such a beam-plasma system
has been computed by Lees4 for a pressureless plasma and a cold beam. The
maximum rotational transform consistent with stability is
2n = 1 + R
Lt/ rL/
2 T . ; i sssis
where rL = mc sz/eBZ, Ez = VB/c. This indicates a slight improvement in stability

when the E-beam carries the toroidal current.

ELECTROMAGNETIC AND MHD INSTABILITIES. Because of the short duration of the E-beam

pulses many MHD instabilities e.g. the firehose, do not occur or they are easily
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 Weibel-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 gquadratic form for th; perturbation frequency w is easily obtained in the

limit of cold beam and plasma,

) b "
2 o w bofo drr(n (r)/m_ ) (B+B) .
P TR T Y aeinianiaid)
¥ 'fo 0 r E

where Q1 = eBo/mc, w is the beam plasma frequency on axis, Br and BB are field components

of the perturbation ;: = c/me and £ is the aximuthal mode number. Since the typical
size of the filamentation is of order AE a transverse spread in the beam momentum of
order APL 2 m{nb/np)&yc will stabilize this mode.

Hollow annular beams of high current density, propagating in an ionized medium
have been observed to break up into non-rotating flutes, but the scale lengths are
much greater than AE.EGA clear explanation for this destruction does not exist at

present. There is obviously need for more theoretical work in this area.

Finally, I would 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 fields and the creation of
ion-emitting surface plasmas at the anode by powerful lasers?vit might prove feasible
to create ion beams in the lGSA range.

I would like to acknowledge many helpful discussions on the subject matter of this
paper with L. Thode, R. Lovelace, P. Korn, C. Wharton, E. Ott, H. Fleischmann, B. Kusse,
J. Nation, G. Goldenbaum, C. Kapetanakos, M. Lampe, D. Hammer, C. Striffler, R. Shanny,
L. Levine, A. Robson, D. Mosher, I. Vitkovitsky, A. Toepfer, G. Yonas and C. Stallings.

*Work supported by the Office of Naval Research Contract No. N00014-67-A-0077-0025 and
the U. S. Atomic Energy Commission Contract No. AT-11-1-3170MOD3.
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RUN#|% | ny/n, s w K T,
R3 |2 | 0050 | 0435 | 0.0685 | 0.25 | 15keV
R4 [2 | 0lO0 | 0555 | 00615 | 026 | Olev
RS |4 | 000l | 0296 | 00460 | - | Qv
ReA| 4 | oool | 0296 | 00830 | 030 | IL5kev
R6 |4 | 000l | 0296 | 00485 | =~ | Olev
R7 |4 | 0ol0 | 0617 | 00910 | 026 | Olev
R8 |4 | 000 | 067 | 00845 | 028 | LSkev
R |4 | 0050 | 1150 | 00850 | 026 | iSkeV
RIOA| 8 | 0001 | 08 0I250 | 035 | 1Skev
RIO |8 | 0010 | 1310 | 00720 | 030 | L5keV
RII [8 | 0050 [ 2320 | 0.05I5 0.27 | |.SkeV.

TABLE I. Columns 2 and 3 give the basic para-
meters. column 4 the strenath parameter 8§35
Bo2Yo (Mp/2ng) 173, W = |Eq|

column 5. The fraction of initial-beam kinetic
energy gained by the plasma electrons after the
second stage is denoted by K. The initial

plasma electron temperature is T,. In all runs,

except R5, which had a mass of 500, the ratio

was 2000. There were a total of 40,000 particles:

20,000 ions, 18,000 electrons, and 2000 beam
electrons.
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PULSED FUSION OF PELLETS USING ELECTRON BEAMS OR LASERS*

E. H. Beckner, J. R. Freeman, J. B. Gerardo,
E. D. Jones, A. J. Toepfer, and G. Yonas

Sandia Laboratories, Albuguerque, New Mexico 87115

Abstract

This paper is concerned with assessing the physical and technological
concepts and barriers which are important for pulsed fusion of pellets
using relativistic electron beams or lacers. We discuss recent numerical
calculations of pellet dynamics for the two cases in order to illustrate
the similarities that exist and to indicate tﬁe significant differences
which can be utilized in the spatial and temporal scale of the implo-
sions. These calculations.SPEQify the experimental parameter regime
which must be achieved, with input energy ranging as low as a few hundred
kilojoules in the case of electron beams and a few kilojoules in the
case of lacers; power densities in the two cases tend to be comparable.

An assessment of current technology, including some new results for
electron beam pumped lasers, is then made for comparison. Finally, we
present -our assessment of the remaining physical problems and the solutions

required for achievement of fusion break-even experiments.

P T e =
This work was supported by the U. S. Atomic Fnergy Commission.
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I. Introduction

The concept of producing a thermonuclear plasma by imploding a
s0lid pellet with either lasers or electron beams has by now been well
documen‘c.ed.]‘"8 It is 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 in the near or foreseeasble future, and the existence
of concepts which may be scaled fo fusion reactors.

The essential laser fusion concept is best illustrated by the
multibeam laser irradiation facility of Basov, et 518, and by the
predicted behavior of laser-imploded-spheres presented by Clarke, et Ele.
In the case of pulsed fusion with electron beams, the most.recent ideas
and results were presented by Babykin, et 3;6, and by Yonas, et 527.

It is now clear that the previous concerns regarding focusing of electron
beams to dimensions appropriate for pellet fusion 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 of 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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after an experimental result was obtained; we have to assume that the

significant new focusing results for electron beamBT’ el

is a prelude
of similar things to come as beam depositicn and pellet experiments are

attempted.

II. Energy Absorption Processes

The subject of absorption of high-intensity laser energy by plasmas

has received an enormous émount of attention recently.s’ IS

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-
sion dynamics are inextricably interconnected with the absorption
processes, parbicularly those which give rise to substantial quantities
of reflected laser light and/or production of nontrivial quantities of
energetic electrons. We now know from t.heoryl‘?“lh and experimentlB’ ek
that laser intensities comparable to those required for efficient pellet
compression give rise to anomalous reflected light intensities (prcbably
Brillouin scattered), to copious quantities of anomalously hard X-rays
(evidence of non-Maxwellian electron distributions), and quite possibly

to neutron production via processes which have nothing to do with the
thermal temperature of the ions.zh 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 and laser pulse shaping will be
imﬁortant; however, the rapidity with which theory (particularly compu-
tational physics) is being successfully applied to experimental findings

makes the expectations quite bright for successful results.
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Now, turning to implosion of pellets with electron beams, we
simultaneously find much in common with laser fusion, as well as several
new features. The detalls of the material presented here are contained
in the papers presented at Erice, Sicily ,6 and at thils conference by
Yonas, et ;;_1;25. 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 filled diodes is the most important

new beam focusing development, as illustrated in Fig 3; (3) collective
effects may be important in the energy absorption processes; (4) the
unneutralized self-field of the bemm may play a vital role in focusing,
deposition, symmetric compression, and possibly confinement. There
are two particular aspects to this last statement. TFor highly focused
beams, magnetic effects dominate over elastic scattering of laser
electrons even in solid targets. This may be demonstrated by consider-
ing the quantity:

X L 2

= = (ﬁ’) {a 1,/1L)2.

This relates the r.m.s. divergence of the beam envelope due to scatter-
ing, ¥, to the Larmor radius, Ty In this equation y and g are the
usual relativistic symbols, & is the beam radius, I/IA is the ratio of
beam current to Alfv;n critical current, and L is the characteristic
scattering length in the material. For 'i:/rL << 1 scattering will be

less important than magnetic effects, and when magnetic effects dominate,
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we can expect, for hydrogenous materials, that beam electron ranges will
be significantly shorter than classical coulomb ranges. For example,

a 34V, 3 MA, 1 m beem into solid D, yields }lela 0.03. Hence, these
effects may allow for decreased pellet sizes and result in "break-even
experiment" projections at levels of 100 kJ - 1 MJ utilizing 10-20 nsec

beams, rather than the 1-10 MJ required crl'.l'tre:c'\m':l.:se.h-5

IIT. Computational Studies of Pellet Tmplosion Phenomena

There now exlsts substantial literature on laser-driven implosions
of spherical targets, culminating with the calculations of Clarke, et E&?’
which predict net fusion gain from solid shells and spheres irradiated
with as little as 2.2 kJ of precisely talilored laser light. More con-
servative  ideas tend to suggest that 10-1000 kJ will be required for

3’5’?6 In any case, it is clear at this

laser break-even experiments.
point in time that, in order to reduce the required input energy as much
as possible, computer experiments are tending to specify an increasingly
high level of sophistication for the proposed pellet implosions. Fig L
i1llustrates this quite vividly by showing the dramatic change in fusion
yleld that results from small changes in input energy rate, i%{' If
larger quantities of laser energy can be supplied, then much of this
sensitivity disappears; unfortunately, the real experimental capsbilities
for the near future do not indicate laser energies much in excess of

10 kJ (even from arrays of lasers), so we are required to examine

aeriou%ly these theoretical predictions and prepare the laser pulses

accordingly.
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In the case of electron-beam-driven implosions, the increased
energy avallable makes it possible to use less sophisticated concepts
end procedures, thoﬁgh by no means trivial ones; furthermore, the
question of high-quality beam focusing is much more pertinent to this
problem. We will 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 DT spheres irradiated by a high y/y electron beam
possessing a rather specialized pulse shape. These results are shown
in Table I. Calculations (a) and (b) use waveforms of E = 1:30 (1 - t/r )—2,

whereas case (c) is for a square wave input of 0.5 nsec duration.
TABLE I
COMPUTATTIONAL RESULTS FOR SOLID DT SPHERES IRRADIATED BY TATLORED ELECTRON BEAM PULSES

Diameter Mess Total E-Beam Total Pulse Peak Power Fusion Fnergy
(em) (mg) Energy (MJ) Length (ns) (watts ) Produced (MJ)

(a) 0.1 0.11 0.1 36 5 x 104 2.0
(b) 0.24 1:5 1.0 36 1.k x 108 k6.6
(e) 0.1 0.11 01, 0.5 2 x 10% 0.003

The importance of pulse shaping for these simple geometries is 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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identical sphere to case (a.), but is driven by a 2 x 1012‘ watt pulse

deposited 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 efficiency 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 increasing with time,
the calculations for cases (a) and (b) are not too unreasonable. Our
choice of this particular waveform was influenced by the published results
of Clarke, et -3_12_ It pow remains for us to pefform similar calculations
for shaped pulses more representa"t',ive of "achievable" machine waveforms.
Preliminary results to date indicate that judicious adjustment of all
the variables available to us will produce "break-even" caleculations with
input energies substantially below 1 MJ.

These results for solid DT spheres are based on electron ranges

strongly influenced by magnetic effects so that the nominal electron
range is ~ rL, and they assume carefully tailored and repeatable beam
current profiles.

From calculations like those shown in Fig 5, we conclude that power

16

L
densities ~ 10% - 10 watts/ en® will be required for break-even experi-

ments. The uncertainty in this number comes from the fact that our
pellet designs have not yet been optimized 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 ranges will be considerably shorter than "classical
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ranges" -- more nearly the Iarmor radius of a beam electron -- but will

have to wait for experimental verification of this.

IV. Review of Experimental Results and Capabilities

Since this paper is primarily devoted to electron beam approaches
to pulsed fusion, we will comment mainly on recent observations of
focusing of beams and heating of solid materials with beams to produce
neutrons. A number of workers have reported production of DD neutrons
in excess of 107 n/burst by irradiating deuterated polyethylene with

2130 pom Stephanakis, et ;d_f'o,

tightly focused intense electron beams.
and McCann, et 2227’ assert that they observed thermonuclear neutrons,
elthough other authors are uncertszin. If computer codes are applied to
these cylindrical or slab geometries, one quickly concludes that beam
electrons of "classical range" could not drive the materiallto sufficient
temperature to yield DD neutrons. However, at least two other observa-
tions on focused beams are important here: Yonas, et 2510, report
observations best described as magnetic confinement of blowofT plasma
which could affect the hydrodynamics of the problem; Vitkovitsky, et

s

, report that a tightly focused beam interacting with a high density
exploded-wire plasma can result in more than an order of magnitude
reduction in energy of a substantial number of beam electrons. An
additional observation regarding intense beams -~ that of collective

ion acceleration ~- must necessarily be discussed when the subject of

neutron production is treated. It is well established that intense
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electron beams can be responsible for acceleration of nontrivial quanti-
ties of ions to energies comparsble to, and even greater than, the beam

32,33

electrons. The conditions under which this occurs are often some-
what special, however, so it is not possible to make conclusive state-
ments regarding the importance or nonimportance of collectively accelerated
ions in the experiments in which neutrons have been observed. The subject
is, in fact, more controversial than we have implied with Bradley and
KuswaEB showing that accelerated ions were important to their experiments
and Vitkovitsky, et 5131, stating that such a mechanism was not required
to explain their results.

We stated previously that power densities of 101h“l6 watts/cm2 will
probably be required for fusion experiments. Several researchers have

o - o 1.2
already reported > 101L watts/em™ from present machines.lo’l"‘l

Hence,
it appears that we may already be close 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

25

Yonas, et al ~, 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/y beam electrons. As a result, the beam behaves as if it were a
high-temperature electron gas rather than a parallel flux of particles,
and the required symmetric irradiation appears possible. It seems
unlikely that an array of electron accelerators can be made to irradiate

simu)taneously sectors of spheres, in a manner similar to that considered

for laser fusion, primarily because of the inevitable problems associated
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with return current from the pellet required to prevent electrostatic
charging of the target.

We will not dwell on conventional laser approaches for laser fusion
since they have been treated in other sessions at this conference.
Though the multibeam irradiation 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
Basov and co-workerss, of the development of a 10 kJ multibeam Nd:glass
laser irradiation capability at Lewrence Livermore Labcratcrth, and of
the LASL 002 laser development progrem intended for e multikilojoule

facilityas.

Our approach at Sandia has been to develop a four-beam Nd:
glass laser irradiation facility for physics studies36, 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 Crb or LiD.
Previous work obtained with a single-beam configuration was reported by
Olsen, et g;.gs Experimental results from the four-beam facility will
be reported later. Another aspect of our program centers on utilization
of intense 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

and 8, by the work of Gerardo and thnson38

shown in Figs T
*
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
promise of unusually high energy output may compensate for these short-

comings. As we noted earlier, so long as only "kilojoules or less" of
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laser energy are available, then the fuel pellets must be very small,

the irradiations done meticulously, and the laser pulses highly tailored.
However, Zharov, et _a_lho, recently reported efficiency of conversion of
electron beam energy to HF laser energy of 150-180%. That experiment
provided only millijoules of output from an atmospheric mixture of HE
and FQ' Now, Gerber and Patterson39 have produced in excess of 200
Joules of HF laser energy at & power level of 4 G watts from a mixture
of SF6 + CEHB' The efficiency of conversion from beam energy (2 MV,

50 kA, 70 nsec) to HF laser light was ~ 10%. These results are shown

in Fig 11. The electron beam for excitation was- obtained from the Reba
accelerator as in the Xe: experiments of Gerardo and Johnxacm.38 There
are obvious difficulties associated with high-gain laser media like these,
but if 10's or 100's of kilojoules of laser energy can be obtained in the

near future, it seems inevitable that we can .find 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
technology problems remaining to be solved in the next few years of
pellet fusion research. These results are shown in Table IT. The ratings
displayed of 0, 1, 2 refer to the degree to which we feel the problem
is near solution: O = no progress as yet, 1 = some progress reported,

2 = conslderable progress reported.
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TABLE IT

TECHNOLOGY PROBLEMS

Lasers Electron Beams
Energy 1 2
Pover 2 2
Pulse Shaping 2 B A
TFocusing 2 1
Concept for Spherical
Irradiation = 1

PHYSICS PROBLEMS

Lacers Elcctron Beamc
Input Energy Abscrption 2 i B
Pellet Designs 2 2
Focusing of Fnergy 2 2
Fusion Reactor Concept 2 |

The conclusions to be drawn from this are obvious. ILasers must
be developed capable of delivering at least 10 kJ in a single nsec
pulse in order to have any hope of demonstrating fusion bresk-even.
Meanwhile, several laboratories are pursuing experiments to examine the
basic physical principles of the problem. For a fusion reactor to
become a reality, it will be necessary for megajoules of laser energy

to be supplied, and that almost without question requires the discovery
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of & new laser system. In the case of electron beam fusion, it is easier
to predict ways of supplying the necessary energy than to be confident of
a means of assembling compressed pellets with it. 1In 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 parallel-plate Blumlein lines, with mylar
insulation, feeding a field emission diode. The
nominal pulse output characteristics are: 300 kV,

250 kA, 100 nsec.
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r in cm
X-ray pinhole photograph showing the focused beam
size obtained with a plasma filled diode (exploded

wire plasma) on SLIM.
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Fig 3

—_—
Theoretical results cbtained in studies of beam

focusing in plasma filled diodes. The figure shows
only the central region of the diode (assumed in these
caleculations to be electrostatically neutral) with
electrons entering from above, with large angular

spread, and subsequently focused at the anode.




61T

Vorume 30, Nu:mser 3 PHYSICAL REVIEW LETTERS 15 JANUARY 1973

o i 1 T ] ‘
(o) Yo ve _EQ - e
% 2
Y, s . w?H ' e
Ru't - v* s
-
P 6 R 2
] - la 5 o' e "
2 1 P
ol I i’
w ]
0° 10° 10 b
Eol"" 3 10 0 1! 1z .
10 0 - 10 10 10
w E (k)
L e A e
(b) T
- - -
0® -E';? - 14 =30 (ns)]
T -
2
EOUT“J) 10° |- . E ‘,nn 0 -
o 1 . v=12500s) N |
0 - ~ e
(o} . ' 10 A T | A |
0" 535 & T f 0t 26— o603 006
Ep k) plgrem™) R {cm)

) DT shell and sphere performance characteristics: (a) ¥ versus £, for (1) 3-pg, 2.2-kJ, (2) 5-pg, 3.5-
kd, (3) 1.5-pg, 5.3-kJ, (9 10.8-ug, 7.5-kJ, (5) 20-ug, 18.2-kJ, (6) 60-ug, 43-kJ, and (7) 250-pg, 178-kJ shells
of initial inner radius g = 3.4% 1072 ein under profile (1) with =30 nsce and p =1,875. (b) Input encrgy threshold,
ﬁ'm-, determination. (e) Optimal ﬁ:o versus mass: solid line, for spheres (r=20 nsec, p =2); dashed curve, for
the shells of (a), (d) 6-ug core trajectory, T; versus p, for a 60-ug sphere during its implosion, thermonuclear
burn, and expansion. (¢} Optimal yicld ratios versus input energy: solid curves, for the shells [in (a)); dashed
curves, for spheres. (D Y g* versus inner radius for 7.5-ug shells imploded with the optimized (1) profile for
=30 and 12.5 nsce.

Fig 4 Published results of Clarke, et 5._1_2 showing the extreme
sensitivity of these pellet compressions to input

power EO.
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R RRRRRRRRRREEERERREEEBESSSSZR

input electron beams of: (1) uniform square wave input
of 1 megajoule input in 0.5 msec; and (2) 1 megajoule
input in 36 nsec with the waveform E= i:o (1- t/r )‘2.
These cases (a and c) are detailed in Table I. .The

fusion yileld for (1) was ~ 0.0l and for (2) was ~ 50.
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Fig 6 Photograph of the YAG mode-locked oscillator table and

the first two glass amplifiers.
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Fig 7

The Nereus electron accelerator and R2 laser excitation

apparatus. This water coax-line accelerator provides

an output beam pulse of 350 kV, 50 k&, 50 nsec.
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Fig 8 Experimental and theoretical results of the electron
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beam-excited Na laser. These observations were for

the molecular transitions 03 311 at 3371k.
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Fig 9

The Reba electren accelerator and Xe; laser excitation

apparatus. This oil Blumlein accelerator provides an

output beam pulse of 1-3 MV, 50 kA, TO nsec.
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The left figure depicts the line narrowing observations,
and the right figure shows the stored energy density
deta. Recent results have shown in excess of 10Q0 i/

of stored energy.
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SUPER-HIGH DENSITY LASER FUSION CTR*

Albert Thiessen, George Zimmerman®, Thomas Weaver™t, John Emmett,
John Nuckol1ls and Lowell Wood
University of California Lawrence Livermore Laboratory

Livermore, California
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 CTR [1,2]. This program

may greatly improve the prospects for cheap, clean, inexhaustible fusion power

in 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
implosion of small pellets of hydrogen to approximately 10,000 times their
original density in order to initiate efficient thermonuciear burning [3]. Fusion
energy releases 50-100 times larger than laser input energy for laser energies

of 105-106 Jjoules have been achieved in sophisticated computer simulation calcu-
lations. 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 thermonuclear burning
is achieved experimentally, then commercial power production may be feasible,
provided difficult technological-economic problems involving the laser efficiency
and the power plant reliability can be solved.

The laser-fusion implosion system consists of a ~ 1 mm diameter spherical
pellet of deuterium-tritium surrounded by a Tow density, laser pre-pulse
generated atmosphere extending to several pellet radii, located in a large
vacuum chamber, and a laser capable of generating a precisely time-shaped,
sharply peaked pulse of radiant energy. The laser pulse adiabatically
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 Commission.
tAlso with the Dept. of Astronomy, UC Berkeley.
ttATso Fannie & John Hertz Foundation Fellow, Physics Dept., UC Berkeley.
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which point thermonuclear burn is initiated in its central region. See

Figure 1. A thermonuclear detonation front then propagates radially 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 10°-10° joule Taser
pulses, gigawatt electrical power levels may be generated by initiating 102
microexplosions per second, perhaps in several thermonuclear combustion chambers.
The combustion chambers would have a diameter of a few meters and might have
walls wetted with Li to withstand the nuclear radiation and pellet debris.
Sufficiently cheap pellets, which must cost less than a cent each, could be
fabricated in a drop tower. Electricity would be generated via neutron-htated
Li blankets as in conventional CTR approaches, or by any of a variety of direct
conversion devices in mgre advanced power plant designs. The use of essentially
radionuclide- and neutron-free, exotic fusion fuels—an especially attractive
possibility in laser fusion systems—in quite advanced power systems offers
the possibility of exceedingly clean, safe and inexpensive nuclear electricity
sources.

@ implosion
@ Laser Light

@ Atmosphere

Figure 1A: Representation of a laser-energized
pellet implosion, with the imploding
pellet surrounded by its atmosphere of
blow-off. Laser light penetrates the
atmosphere up to the critical electron
density.
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Typical laser fusion microexplosion for a 106 Joule

Figure 1B:
Jaser puise and a 10~3 g DT pellet.

TYPICAL LASER FUSION MICROEXPLOSION

LASNEX Computer Code Calculation: 1 Megajoule, DT pellet
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Figure 1B continued:

(e) Energy Conversion

Thermal or direct neutron
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plasma energy
to electricity
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5% radiation
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Cycle Specifications:
Total laser energy:
1 megajoule (1/4 kwh)
Total electrical energy input:
3-10 megajoule (1-3 kwh)
! Total thermonuclear energy output:
100 megajoule (25 kwh)
Total electrical energy output:
35-70 megajoule (9-18 kwh)
Repeated 10-100 times/sec
for a 1-10 million kilowatt
(thermal) power plant
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Figure 2:

The initiation of thermonuclear
detonation of a laser-imploded
DT droplet.

230




Implosion Development and Application

The implosion of bubbles in water was considered by Besant in 1859 [4] and
Rayleigh in 1917 [5]. A self-similar solution to the implosion of a shock
wave was developed by Guderley in 1942 [6].

Early work on nuclear fission weapons at Los Alamos, beginning in 1943, by
Neddemeyer, Von Neumann, Teller, Tuck, Christy, and others explored spherical
implosion systems driven by high explosives [7]. Subsequently, moderately
high compressions were experimentally demonstrated and utilized. However
compressions approaching 10,000-fold (relative to liquid or solid densities)—
which are required for practiéa1 laser fusion power reactors—have not been
experimentally achieved.

In 1961, shortly after the invention of the pulsed laser, Nuckolls made
implosion calculations of DT micro-spheres at our Laboratory, in which 104-fold
compressions were achieved via pulse shaping, and proposed a laser fusion
engine for CTR and propulsion applications. These calculations were based on
laser 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. Zabawski; by a group at Los Alamos; and
at Cornell Aeronautical Laboratory by A. Hertzberg, W. Daiber and E. Wittliff
[8,9]. 1In Kidder's 1964 calculations important advances were made in laser-
pellet coupling physics. Subsequently, laser-energized implosion calculations
were made by J. Dawson, 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 kilojoule of laser energy and of CTR

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 Alamos scientists [10]

and by Brueckner [11].

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
laser [12].

In 1972, Basov and his colleagues at the USSR Lebedev Institute reported
the implosion of a sub-millimeter diameter CDp micro-sphere with a few
hundred joule, several ns, 9 beam laser pulse [13]. 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.y. central temperatures have been
obtained with 100 um radius CDp spheres, irradiated with 600 j, 6 ns, 9 beam
pulses [14]. Calculations indicate that compressions to several hundred
grams cm™3 and multi-kev central temperatures should be realized with the
400 j, 1 ns pulses which have very recently become available with this laser
system; this will correspond to nt products > 10]4 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's [15].

In the laser-energized microexplosion approach to fusion, the density-
radius product pR of the imploded pellet core replaces the conventional Lawson

criterion nt 1in characterizing the fractional fuel burn-up and thus the ratio
of fusion 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. Compression by 104
thus reduces the mass—and laser energy—required to initiate an efficient
thermonuciear microexplosion by up to le-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 specific burn rate, pov, and the inertial confine-
ment time %E;where ov is the Maxwell velocity-averaged reaction cross section
and c is the sound speed. The factor of 1/4 in the inertial confinement time
arises because in a uniform sphere half the mass is beyond 80% of the radius.

"Both ov and c depend on temperature, but their ratio is approximately constant
in the 20-50 keV ion temperature range characteristic of efficient deuterium-
tritium burning in microexplosions. Evaluating %} at 20 keV, and correcting
for depletion, it follows that [16]

R
iR
Thus for pR = 3 g/cm?, we find ¢ 7 %—which corresponds to a fusion energy
release of ~ 1017 joules/g.
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To achieve pR's of ~ 3 g/cm? requires the compression of a 1 mg DT pellet

to densities ~ 1000 g/cma. The electrons will have an internal energy, e, given

by:
_ 3. 72, 5%

E—EF[-S-"‘T(a)*'...J Be<EF

he 3 \2/3 . ' g
where EF = Eﬁ'(i'"e) is the Fermi energy, h is Planck's constant, m is the
electron mass, ee is the electron temperature, and ng is the electron density.
For p = 1000 g/cm3 (ng v 2.5 x 10%%/em3), ep ~ 1 keV. Thus, even if the compres-
sion takes place with ee << €ps the implosion process must provide a minimum of
3 x 107 Jjoules/g of internal degeneracy energy.

To achieve ignition, one must provide, in addition to the degeneracy energy,
an average specific heat energy given by cveignB‘ Here CV is the specific heat
(measured from 0, = 0 at constant compression), eign is the effective ignition
temperature of DT (v 10 keV), and B is a correction for self-heating by the 3.6
MeV DT alpha particles, and for thermonuclear burn front propagation. If
pR >> 0.3 g/cmz, the alpha particle range in DT at 10 keV electron temperature,
then only about 0.3 g/cm2 in the central region need be heated to ~ 10 keV in
order to initiate a radially propagating burn front which ignites the entire
pellet. Note that a DT sphere having pR = 0.3 g/cm2 will burn to a ¢ of 0.05,
or 1.6 x 1010 Jjoules/g. One fifth of this energy is in alpha particles, suffi-
cient to heat 3 times more DT to 10 keV.

Due to the effects of shock convergence and pulse shaping during implosion,
the DE Eemperature Jjust prior to ignition may be made to vary appgo;imately as
eign —%— where r is the distance from the pellet center and R F = I~ is the
mean ¥ree path of a DT fusion-born alpha particle. Comparing the specific heat
energy of this configgration to that of a uniformly heated pellet at e1gn
find B~ 3 ( Q;éaﬁign_ )2. Because of practical limitations on implosion symmetry,
a minimum of ~ 0.03 is imposed on B, which occurs for pR R 3 g/cmz. We then
find the minimum mass-averaged ignition energy to be ~ 3 x 107 Jjoules/g.

The minimum total internal energy to effect thermonuclear 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 optimized pR = 3 pellet under
consideration is 101] Jjoules/g, the raw energy gain is ~ 1500. Approximately
90-95% of the laser energy absorbed by the pellet during implosion, however,

, we
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is lost to kinetic and internal energy of the blowoff, depending on the degree
of pellet compression. Consequently the energy gain relative to the laser Tight
employed is 75-150-fold. This is sufficient for CTR applications with a 10%
efficient laser, a 40% thermal-to-electric efficiency, and about 15-30% of the
electrical energy circulated internally.

Figure 3 shows the variation of gain (relative to laser light energy) with
compression and laser Tight energy-[3,16]. The curves have been normalized to
detailed computer caiculations of the implosion and burn. Gains of the order
of 100 are predicted for laser pulse energies of }06 Jjoules.

100

Figure 3: The ratio of fusion
energy generated to laser
pulse energy empioyed as
a function of pellet compres-
s1on factor, for several

ger pu1 energies from
to 10 joules, and DT
fue] usage.

TN energy/laser energy

0.1 I IS AT B
10? 108 10* 108
Compression (x liquid density)

Our calculations indicate that less than 1 kJ of laser Tight may be suffi-
cient for breakeven (gain & 1), and 10° joules may be sufficient to generate
net electrical energy with a 10% efficient laser. These predicted gains are
probably uppér limits to what can be achieved. Unforeseen difficulties may
cause significant performance degradations when the predictions are experimentally
tested.

Similar gain curves may be generated for Dy and DHe3 pellets with'a small
percentage of tritium included to facilitate ignition. Since these reactions
have smaller ov'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 (v 104 g/cm3].

Implosion Physics

Conditions involving pressure, symmetry, and stability must be satisfied
in order to implode a DT sphere to a state at 'IG4 times its 1iquid density.
in which both Fermi-degeneracy and thermonuclear propagation can be exploited
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to achieve the conditions for maximum gain outiined in the previous section [3].
A major free parameter available for insuring that the pressure and

stability conditions are met is the shape of the laser pulse. By means of

numerous computer calculations of laser-energized implosions, it has been

found that the optimum pulse shape may be approximated by:

. -5
E=E, (1-%)

during most of the compressive phase of the implosion, where E is the laser power,
t is time, t* is the collapse time, and s &, 2 [16]. No satisfactory anmalytic
derivation of the entire optimum laser pulse shape is known to us, due to the
complexity of the physics involved. However, it has been found that this pulse
shape may be approximated -with sufficient accuracy by a histogram of 5-10 pulses.
See Figure 4.

6
13 I i =1 I
30 KJ
105 65 PS
14K . . .
150 PS Figure 4: The ideal and a satisfactory
Ki s histogram-approximation
g 10t 30 PS pulse shapes for implosion
] b of a CTR-breakeven size
L KJ
E 2L DT droplet.
- I
10 1200 PS

LILBLLLLI

102 =
600 JOULES
4200 PS
L) M (I DT T N (A | AT
W —a % 808 a5
s TIME (nsec)

The optimum laser pulse shape génerates an initial shock which is near-
sonic (v % x 108 cm/s) in the outer part oflthe pellet. This shock heats the
pellet and thus increases its sound speed enough for most further compression
to take place rapidly enough to be efficient and yet remain barely subsonic
and thus adiabatic. At the same time the entropy generated by the shock is
kept sufficiently small so that if is possible to attain a Fermi degenerate
state.in virtually all the imploded matter. These constraints generally require
that the temperatyre behind the initial, weak shock be in.the ﬁange 1/2-1 e.v.,
except in.a small region near the center of the pellet where. the shock converges
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and strengthens sufficiently to produce significant heating.

The sharply rising mid-section of the pulse and the final peak rapidly
increase the implosion velocity 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 time of maximum compression at about one DT alpha mean free path from the
center, thus generating the sharply-peaked ignition-producing temperature profile
specified earlier.

This procedure of compression along a cold, 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 n 1012
atmospheres, which is the minimum possible pressure at 1000 gfcm3. If instead
the pellet had been placed on an initial adiabat with 0 v 10 eV so that a
10,000-fold compression would raise the average pellet temperature to ~ 5 keV,
the maximum final pressures required would be n 10]3 atmospheres. This order
of magnitude difference is crucial to the feasibility of super-high density
laser CTR.

The compression and burn processes which have been described are illustrated
in Figure 5 for a typical computer simulation calculation of the implosion of
a fusion pellet to 10,000 times liquid density, and of the resulting thermo-
nuclear microexplosion. This calculation was carried out at the Livermore
Laboratory on the CDC 7600 computer with the LASNEX program [17]. LASNEX
is a two dimensional (axially symmetric) 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 symmetric absorption of laser 1ight 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
illustrated have shown that adequate absorption, transfer, and symmetry 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 is 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 Von 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 MHD effects described by Braginskii'3°'.

Photonics — Multigroup flux-limited diffusive transport; LTE average-atom opacities
for free-free, bound-free, and bound-bound processes; Fokker-Planck treatment of
Compton scattering.

Fusion — Maxwell velocity-averaged reaction rates; the DT 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 2m steradians of the hot laser absorbing
region. This, combined with the fact that during most of the implosion the
electron mean free path in the absorbing region is a signi%icant fraction of the
absorption radius, results in a large (v 10-fold) reduction in the asymmetry
with which the pellet surface is ablated.

In the compression of the spherical pellet by 104-fold, 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 uniform (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]
Jjust mentioned.
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Figure 5a: 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 hydrodynamic mesh of the simulation is depicted, with
superimposed isotherms of the electron component of the plasma during the
implosion (at 0.1, 0.3, 1.0, 3.0 and 10 keV), and of the jonic component
during the thermonuclear detonation of the imploded pellet (at 10, 20 and
50 keV). The maximum electron and jon temperatures, TE and TI, (in keV)
and matter density, D (in gm cm™2), 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 time, TIME, (measured from an arbitrary zero after atmosphere
formation) in nanoseconds and the scale size, SIZE, of the portion of the
problem displayed, in micrometers, are indicated in the right-most column.

The laser energy is inputted in 10 beams with axial symmetry, with
azimuthal angular intensity variation I = Iy (1 + 0.1 sin 20 6), © the
azimuthal angle; 5 periods of this intensity variation are shown in this
quadrant of the situation simulated, which has four-fold symmetry. The
first ~ 1 kilojoule of laser 1light is inputted as 4 um wavelength radiation,
and the second as 2 um wavelength laser light. The following ~ 8 kilojoules
are 1 ym radiation, and the final ~ 44 kilojoules are of 0.5 um wavelength.

Such a roughly spatially 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 material
to enhance the electron collisional frequency and inverse bremsstrahlung
opacity in the atmosphere. This pellet-laser pulse combination is represent-
ative of those which operate completely within the “"classical physics"
regime, e.g. which may be adequately modeled within the Maxwellian electron
velocity distribution approximation.

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 peliet has been compressed over 600-fold. 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 5000-fold.

238




v 0 g T ol € o
TkEYIe  s081 ELiEse 00 Tieoaie 00 T i TEINEYIe +3.0v)  Eiikiie  sm.cH
ThEtvie  s081  (Rene 00 SHITImI=+1200. 00 Tomtvie  » A THEEYGe @1 ERde +00
Digccis o i EAs- oo Disicie OIETIs s

e [ S T - -8 “ tiwiie 3122 =
" . “irtwe 10z o " . SHLue o o [riese =38 SUEmUI-c1c00 00
p [ye.—— i 1ong e

1w temse fitngieazs 031 TErieie 1878 e 1 e e Tuisave #5000 TinCiwsisszs g3eT
SR G Sioute o33 58 TiLere sz ihe . » . [Riadie s SHTewie v10d.03
e ritegew BiGeCCimn ity B & Benttiee ite 8t Ll

Figure 5a

239




Figure 5b: The hot atmosphere of the pellet continues to ablatively implode
it to ever higher densities and, after one abortive ignition commencement,
the pellet center thgrough]y ignites at about 24.0472 nsec; the high
velocity (v 3.5 x 10/ cm sec~ ? high density shell of DT imploding onto
the pellet center was crucial to successful ignition. The supersonic
nature of thermonuclear detonation is indicated by the sweeping of the
10 and then the 20 kilovolt ionic isotherms over the entire pellet mass,
before the pellet has expanded significantly (at 24.0520 nsec). At this
time, the 50 kilovolt isotherm has enveloped the matter inside half
of the pellet radius, and a pronounced axial jet has become visible;
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 during the microexplosion, producing about 32 times the energy
from fusion as the laser pulse energy; this is within a few percent of
the energy produced by an identical pellet imploded with completely
symmetrically inputted laser light. This is approximately the performance
level of a "CTR-breakeven" fuel pellet-laser pulse combination.
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o Figure 6: Symmetry considerations

in the laser-energized implosion

] of & fusion fuel pellet. n is

i | the pellet compression factor at

A R r the implosion culmination time tg,

"«‘ P4 \.‘J'”l‘ at which time sphericity o with-
& in a factor of two is required of

My P Y the pellet.

The implosion of the pellet by electron heat conduction-driven, ablation-
generated pressures is hydrodynamically stable [3,25], except for relatively
long-wavelength surface perturbations, which grow too slowly to be damaging,
if the pellet is imploded in one sonic transit time. 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 is stecper. Consequently, the amplitude of any such
perturbation is reduced, both because such a peak is more rapidly ablated, and
because the ablation pressure is higher on the peak. See Figure 7.

For the long laser wavelength case, including the 10.6 micron COz radiation,
the pellet compression and energy gain may be strongly degraded by electron
preheat [18,19] and decoupling [20]. Decoupling occurs when the electrons heated
by the laser have 2 range in matter at the critical density comparable to the
laser absorption radius. Then most of these electrons cross the atmosphere,
re-gnter the absorption region, and are heated to higher energies with longer
mean free paths, etc., until the peliet is effectively decoupied from the laser-
heated electrons over times comparable to the implosion time. (After a few hot
electrons escape into the vacuum chamber, plasma potentials comparable to the

Figure 7: The effect of a
spherically symmetric isotherm
in the pellet atmosphere on
the hydrodynamic stability of
the ablating pellet surface.
While nominally unstable to the
Rayleigh-Taylor instability, the
surface is actually stable for all but the longest perturbation wavelengths
{of the order of the pellet radius, which grow too slowly to be damaging), due
to the diffusively driven, subsonic nature of the ablative acceleration [25].

242




electron energy are developed. Subsequently, long range electrons are confined
to the expanding plasma by electrostatic forces.) The maximum decoupling-1imited
implosion pressure which may be generated is, from flux-limited conduction and
geometric considerations,

A
Pmax = 10° ; Al/4 92/2
where Ac and pe are the area and density of the critical layer of the pellet
atmosphere and Ap is the area of the pellet surface, all in cgs units. Decoupling
can be compensated for if the pellet volume is increased by making it hollow.
Then the required implosion velocity may be achieved with smaller implosion
pressures acting for Tonger times, with correspondingly smaller laser intensities
and electron energies [19].

Preheat occurs when the laser-heated electron range is a significant fraction
of the pellet radius—these electrons then heat the fuel internally, making it
more difficult to compress. Such high energy electrons are generated by inverse
bremsstrahlung absorption of long wavalength light. Moreover, efficient
absorption of such light is not possible via inverse bremsstrahlung because the
light absorption length is too long (>> 1 cm at 10 keV) [21]. Absorption is
possible via plasma instabilities [22,23]. However, if the thresholds for these
instabilities are greatly exceeded, then sophisticated plasma simulation computer
codes predict that non-Maxwellian electron velocity distributions may be generated,
with high energy tails extending beyond 100 times the thermal electron energy [24].
See Figure 8. These tails are essentially due to "runaway" electrons produced
by the strong electric fields generated by the plasma instabilities. Experiments
are needed to determine the electron spectra in such situations. An estimate of
the fraction of the absorbed laser energy which can be tolerated in these supra-
thermal electrons is the ratio of the rate of hydrodynamic work done on the
pellet to the product of the Taser-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 fail. At the early stages of the
implosion, when preheat {is most critical, this fraction may be as small as 10'2.

If excessive numbers of superthermal electrons are not generated, then long
wavelength lasers may be suitable for CTR applications, provided that the hollow
pellet can be constructed cheaply enough.

megabars,
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1 ~ 36 Figure 8: The theoretical (---) and plasma
6 = simulation code-computed (=) electron velocity
3F Wg T Wy, spectrum f(v) as a function of the velocity in
5 units of the thermal velocity v/vtp, for the
106 situation
3t } n = E/Y &nNKT = 0.36,
= A where E s the laser electric field, and NKT js
02 the plasma electron thermal energy density; n< is
6 ¢ the ratio of optical to thermal energy densities
3F [24]. n.= 0.36 corresponds to an intensity of
about 104 watts cm=2 and a 10 keV plasma temper-
1072 - \ ature for COp laser radiation; this intensity is
61 \ comparable to the peak intensity required for
ar f implosion of hollow DT shells, and is about an
oo | of ISR order of magnitude below that required for DT

droplet implosion. The broad wings of the
-2 - & W R distribution at high velocities, which branch
out from the parabolic, Maxwellian center, are
due to excitation of laser-driven plasma instabilities at/around the critical
density in the pellet atmosphere. Such electron velocity spectra, if experimental-
1y verified, preclude CO2 laser usage in super-high density laser CTR, due to
preheat limitations.

vy,

Laser Mu) (%) S(J/2) Tp(nsec] Eq(d) Pev (Roaiversion
Nd:Glass 1.06 0.2 500 =0.02 | 350 (0.1 nsec) | Very |0.26-19 p
Low |(= 40% eff)
COy 10.6 5 15 =21 25 (1 nsec) High —
(Flow)| -
I 1.32 0.5 30 2 12 (10 nsec) High —_
(Flow)
Xeg 0.17 | <20 300 ~10 0.1 (10 nsec) High |Not
(Flow) |Required
New (Gas) [~0.4 | > & 100-1000 | 0.1-1.0 | 10%-108 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 is its pumping efficiency, S is its
energy storage capability, in joules/liter, tp is the pulse length at which such
systems have demonstrated high power gain, in nanoseconds, Eg is the maximum energy
pulses, in jJoules, which such systems have demonstrated at the pulse durations in-
dicated, Pay is the average power generation ability of such systems under repeated
pulse conditions, and Acgnversion 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
applications.
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Laser Technology
The development of lasers for high density laser fusion applications

poses a special set of problems that have not previously received much
attention in the laser R&D community. In the optimum pellet-compressing pulse
shape, about half the total energy is produced in the last 100 picoseconds.
Thus, in terms of a simple, single pulse, a CTR laser system has to be

capable of producing at Teast 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 is receiving increased attention in the U.S. and several other
countries.

Table 2 indicates many of the salient 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 p wavelength
using Nd3* fons in a glass matrix pumped by xenon flashlamps. The CO2 laser
develops gain at 10.6 p between vibrational energy levels of the ground
electronic state of the COp molecule. This system (actually a CO,-N,-He mixture)
is pumped by relatively Tow power electrical discharges in the gas, which are
often sustained by low current (5-500 mA/cmz), high voltage (100-300 kV) electron
beams. The iodine laser develops gain af 1.315 p between electronic levels of
the neutral iodine Etom, which is produced in an excited state by photodisso-
ciation (near 2800 A) of molecules such as CFBI. Xenon flashlamps are typically
used as the photodissociation pump source. The xenon laser specie is the
Xe; molecule formed in high pressure xenon gas pumped by high current density
(100-5000 A/cmz) 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 in 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 this
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:glass lasers have the best developed technology for
operation in the subnanosecond region. In addition, the high second harmonic
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conyersion efficiency (60-80%) already demonstrated offers great potential for ‘
operation at 0.53 y. Fourth harmonic generation (0.265 p) and stimulated |
Stokes-Raman scattering (1.9 u) offer potential for pellet compression at other |
wavelengths with efficiencies greater than 20%. Thus, the Nd:glass laser |
system apparently provides the best laboratory tool for near-term laser fusion |
experiments. However, the extremely low energy efficiency (0.1%) and the Tow

average power capability (1imited by the low thermal conductivity of glass)

preclude any consideration of Nd:glass systems for eventual laser fusion i
power generation applications.

The 002 laser has demonstrated efficiencies of approximately 5% for |
one nanosecond duration pulses. Operation in the 0.1 nanosecond regime has
yet to be demonstrated. With the addition of high speed gas flow, C02 lasers
have the capability to generate high average powers. The major 1iability
of the C02 system is the 10.6 p emission wavelength. As noted above, it may
well be that C02 lasers will never be useful for laser fusion, if current
theoretical predictions of a significant high energy tail to the resultant
electron energy distribution in the CO, laser-heated plasma are indeed correct.
Efforts are currently underway to efficiently convert the 10.6 p energy to
shorter wavelengths, although success has yet to be achieved. Development of
high energy, short pulse CO2 lasers continues because of the high efficiency
and high average power capability. The ultimate usefuiness of this system
remains to be determined.

The iodine laser has recently come under consideration as a possible Tower
cost replacement for Nd:glass. The emission wavelength and efficiencies
are similar; however, the cost of CF3I*15 much below that of Nd:glass. The
stimulated emission cross section of I, even in the presence of a few
atmospheres of a line-broadening buffer gas, is much larger than Nd:glass.

This necessitates an entirely different approach to the Taser design, in order
to control parasitic oscillation within a single laser amplifier section.

. With the eventual solution to the parasitic oscillation problem and a more
detailed understanding of the pumping requirements of the system, it is possibie
that iodine lasers suitable for laser fusion work may be built in the 1-10 kilc-
Jjoule regime. '

The xenon laser is the newest system to undergo consideration as an appro-
priate source for laser fusion experiments. The interest stems from the short
wavelength (1722 i) and predicted high (> 25%) pumping efficiency. Little
detailed information is available on this system and the technology for the

246

—




generation of subnanosecond pulses has yet to be developed in this portion of
the spectrum. Two comments are however appropriate at this time. First, the
stimulated emission cross section is approximately 3 x 'IO'18 cmz. Thus, a
large high energy amplifier will be severely limited in performance by super-
fluorescence (amplified spontaneous emission) and parasitic oscillation.
Second, lasers useful for fusion applications must operate at flux levels of
1010 watts/cm2 (1 J/cmz, 100 psec) or greater. At this flux Tevel and 1722 i,
all transparent materials (window, lenses, coatings) from LiF to A1203 will
exhibit two-photon absorption coefficients in the 1 to 25 cm'] range. Thus,
to use such a short wavelength, a new optical technology of gas lenses and
aerodynamic windows will have to be developed. It is also interesting 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.
Clearly, Nd:glass laser systems provide the best technology base for the near-
term laser fusion experiments. The wide range of pulse widths obtainable
(20 psec - 20 nsec) and the range of wavelengths (0.265 - 1.9 u) render it an
almost ideal laboratory tool. For these reasons large multi-aperture Nd:glass
laser systems with energies 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 irradiation facility is being designed. With this facility, it is
hoped that the fmportant milestone of significant thermonuclear burn and possibly
breakeven energy production (light in = ™ energy release) will be achieved.

It is quite clear, however, that the development of new lasers is required
if laser fusion power production is to become a reality. The xenon laser
represents a class of possible Tasers based on the weakly bound or van der Waals
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 look attractive. These
systems are pumped by efficient, high current relativistic electron beam

machines which have been extensively developed during the last decade. The
availability of efficient pump source and the short wavelength of emission
makes these systems of great interest for laser fusion. However, it is clear
that stimulated emission cross sections smaller than in the xenon system will
be necessary, as will extensive development of means of parasitic oscillation

and superfluorescence control.
It seems quite clear, though, that the single most important characteristic
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of any new laser system deyeloped for laser fusion applications 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 thermonuclear 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 is fortunately heavily attenuated in the softest
(10-1000 eV), most wall-threatening portion of the spectrum by inverse brems-
strahlung in the superdense fireball. See Figure 9. The neutron spectrum is
dominated by a 14 MeV peak. See Figure 10. Calculations involving x-ray
opacities, neutron cross sections, specific heats, thermal expansion coefficients,
and compressibilities 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
1iquid layer (e.g. Li a few hundred pm thick) by continuous exudation, the

plasma pulse of a 107 Jjoule explosion may also be repetitively endured by the
combustion chamber [26,27].

]
10" e
3 16° E 3
S ., 10'7L
| o T g E E
z T N\ B F ]
s 10 | 1
€ r \ = 10 =
2 " i E
5 = C ]
5 g s |
g g 3
o £ 3
£ jo? 3 ]
2 1ML |
? 408 E E
& £
g 4
€ 0” 13[
1 g7 - 10 T O Wt S O O o e = Tt
02w 1 1 10? d 0 5 10 15
Photon energy — keV Neutron energy — MeV
Figure 9: X-ray spgctrum from Figure 10: Neutron apectrum from
2 gm cm~¢ DT 2 gm cm™< DT
microexplosion. microexplosion.

248




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 is
not vaporized. Then a 107 Jjoule fusion pulse produces no more impulse than a
large firecracker.

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 thousandfold, and may be unacceptably high (7 1 kbar). A
crucial advantage of not vaporizing the Tithium on the wall is that the chamber
pumpdown time does not severely 1imit the pellet burn repetition rate.

About 1 joule/em® of thermonuclear plasma energy may be directed against a
chamber wall "moistened" with a several-hundred-micron layer of liquid T1ithium
before significant blowoff is produced. The suprathermal ion fluence (e.g. 3.5
MeV alpha particles, knock-on deuterons and tritons) associated with a 1 jou]e/cm2

thermal plasma fluence poses no blowoff hazard, 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 wall-loading standpoint. See Figure 11.

If the combustion chamber wall is shielded from the pellet debris by a minimum
B magnetic field, 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 satisfactorily shielded from the 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 firing rate is Timited by the
chamber pumpdown time.

A very important problem for laser-fusion reactor design is how to input the
laser Tight 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 wall, passed through the neutron shield in neutronic-
baffling dogleg tunnels on mirror trains, and focused onto the pellet atmosphere
by aspheric mirrors facing into the explosion chamber through apertures in the
inner wall. Continuous, low Z liquid-metal exudation-surfacing of the mirrors
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would prevent degradation of the reflectivity by the thermonuclear environment for
laser wavelengths > 0.2 uym. The several mm-sized fuel pellet would free-fall or
be electrostatically projected into the combustion chamber.

Tritium breeding and recovery, necessary for pure DT burning, would be
conducted by use of a lithium-rich neutron blanket surrounding the combustion
chamber wall similar to those being considered for magnetic confinement fusion
power plant designs. A 1% void fraction in the 1ithium blanket is probably
required to permit impulsive neutron heating of the 1ithium without mechanical
damage to the wall.

Fusion Energy Conversion

Fusion energy pulses, as extremely high grade energy sources, apparently admit
of several very different means of converting their energy into electricity,
depending on pellet fuel composition, the pR value at which the fuel is burned,
and the combustion chamber system design and operation. Three types of systems
have been identified so far: 1) ordinary thermal conversion, 2) MHD hot-gas-
generator conversion, and 3) MHD plasma conversion.

For first-generation laser fusion power plants, which would burn DT pellets,
ordinary steam-thermal conversion of fusion energy deposited by neutrons in the

lithium blanket seems preferable. Such systems would have capital costs of
several hundred dollars/KWe and energy conversion efficiencies of 5 40%—
comparable to conventional and fission reactor systems. More advanced versions of
such a system might employ neutron direct conversion means such as those indicated
in Figure 12, in which high energy neutron-scattered protons do electrical work
within an electrostatic converter. A sketch of such a reactor concept is shown

in Figure 13 [32].

If the combustion chamber wall is shielded from the plasma pulse by injected
gas, the heated gas might be exhausted from the chamber through a relatively
inexpensive, pulsed MHD 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 total efficiency (~ 60%) for |
moderate pR (v 10 g/cmz) pellet DT or DD burn, or for a 5 g/cmz. high-charged- |
particle-fraction (e.g. D-3He) pellet burning. Such pR's may be obtained with
a few hundred kilojoule laser, if the pellet is compressed to 104 g/cm3 densities.

However, at these high pR's, 10-30% of the fusion energy is radiated as x-rays.
Hence the ultimate efficiency of- this approach is 1imited by the efficiency with
which the x-ray energy may be converted to electricity. Pulsed injection of
higher Z gas around the microexplosion site just prior to detonation may prove to
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PHOTON- AND NEUTRON-DRIVEN COMPTON GENERATOR MECHANISMS
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Figure 12

be a useful technique for converting such x-radiation to plasma which may then be
processed in an MHD duct [26,32].

The rapidly expanding fusion fireball may be made to do magnetohydrodynamic
work on a magnetic field imposed from outside the combustion chamber, transforming
its energy into that of a compressed magnetic field. Induction coils suspended
from the combustion chamber walls might be used to transform the compressed field
energy directly into electricity, in a manner basically very similar to the way an
ordinary power transformer works. The physical principles and typical operating
parameters of such an approach are indicated in Figure 14. The basic feasibility
of such fireball-to-electricity energy conversion has already been demonstrated
[28]. Low capital cost, high efficiency (3 70%) electrical energy generation may
thus be ultimately attainable, in advanced laser-fusion CTR systems.

Using conventional electricity generation methods, the heat from 100 108 joule
(Tow-pellet-cost) fusion pulses per second could be used to generate about 4000 MW
of electricity. Such a power plant would cost perhaps $800 million, of which
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DIRECT CONVERSION OF MULTI-MEV NEUTRON ENERGY TO ELECTRICITY
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perhaps $200 million could be devoted to the laser system. The laser and gas
circulating equipment are expected to consume about half of this, leaving $100
million to pay for a 107 Jjoule, 100-pulse/sec power supply (assuming a 106 joule
laser and a 10% laser pumping efficiency). Various estimates indicate that this
amount ($10/J) will suffice to purchase such a power supply with a 10 year
lifetime [29].

An attractive alternative to such approaches is offered by the use of exotic
fusion fuels in CTR combined with the associated direct conversion potentialities.
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-ion coupling and associated radiative losses are suppressed by small
Coulomb logarithm values. Some of the more Tikely candidates for such fuels [31]
and their salient properties are indicated in Figure 15. The <ov> for the best
of these exotic fuels, the p-B]] combination, is compared to these for DT, DD, and
DHe3 in Figure 16. A sketch of a pulsed fusion power plant concept which
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AC MHD CONVERSION FROM THERMONUCLEAR MICROEXPLOSIONS
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DESIRED EXOTIC CTR FUEL CHARACTERISTICS

@ 1) Reactions involving virtually no neutrons or radioactive elements.
@ 2) Fuel reactants cheaply and inexhaustably available,
e 3) Principal energy output in charged particles to allow efficient direct conversion.
e 4) Non-prohibitive n7 requirements:

i.2.: EThermonuclear % Conversion Efficiency > Egxternal Heating

generally requiring:

ETharmonuclear = Egrems + EQther [Fuel Ignition Condition]
l.osses

e 5) Energy generation possible under technically accessible conditions.

Figure 15a
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PROPOSED EXOTIC FUEL CANDIDATES

e p+B11—3He% + 8.7 MeV (WZW):  Essentially meets all above conditions.

e p+ Li6 = He3 + He? + 4.0 Mev {Post): Meets 1-3, but apparently not 4 and 5 (under quasi-
thermal conditions).

o p+Be? > a+Lif+2.1Mev (McNally)
LD + BB + 0.6 MeV
Lsp+D—-D+T Meets 2 and 3, but not 1
Also not 4 and 5 under quasi-thermal
conditions
e D+ Li® = He? + He + 22.3 MeVv Tritium
p+ Li’ + 5.0 MeV { Breeding
LT+ Li® + 0.6 MeV Reaction

Lsp+T
& Fusion Chains (Jetter, Post, McNally): Potentially meet 2, 3, 4; 1 and 5 in doubt.
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directly converts both plasma and x-ray energy via exploitation of the neutron-
and radionuclide-free nature of exotic fuel burn is shown in Figure 17 [32].

Our view of how the various forms of pulsed fusion energy might be most

appropriately converted to electricity is indicated in Figure 18, for both early
and adyanced systems [32].
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CONCEPTUAL DESIGN OF MHD CONVERTER-COMPTON GENERATOR MODULE (100 MWe) OF pﬂ1 L.BURNING
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Prospects
In the mid-seventies crucial super-high density laser implosion experiments

with be carried out with lasers now being designed. Edward Teller recently
emphasized the importance of these experiments—"A third of a century ago, liquids
were considered incompressible for all practical purposes. We are talking now
about at Teast thousand-fold compression, if laser fusion is to be practical.
This 1s 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 sufficiently high power,
energy, frequency, and efficiency, and on the engineering of economic reactors.
We are excited by the challenge of these difficult and complex tasks, and by the
prospect that the mastery of fusion may be more important to Man than the
harnessing of fire. :
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Figure 18: Direct conversion possibilities for early
and advanced pulsed CTR power systems.
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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 initial thermal energy for a uniform
initial temperature of 5 kev. The energy multiplication,
for an initial thermal energy of ome 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 point of 5 kev, with the rest of the fuel ignited
by an expanding superspnic burning front propagating outward
from the fuel center. Figure (2) shows a typical example
of the propagation of a 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=600gm/cm3, 400 at
p=1000 gm/cm3, and 700 at p=2000 gm/cm3 . The energy
multiplication reaches a maximum of 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 burning wave increases the energy
multiplication by about a factor of ten over the uniformly

heated case.

Calculations of the implosion of a DT sphere in
spherical symmetry show that high compression can be pro-
duced by a laser pulse with proper time variation. The
pressure driving the implosion is produced by the penetra-
tion of energy from the underdense laser deposition région
into the dense plasma which results in ablation of the
dense pellet surface. The efficiency of tﬁis process
depends on the efficiency of energy absorption from Ehe
laser beam into the underdense plasma and on the subseqﬁent
energy partition between the compression of the dense pellet
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 mod§1 or deter-
mined by computer simulation of the energy deposition, energy
transfer, and hydrodynamic processes. The result 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 mic¢ron wavelength, thermal energy
flow, hydrodynamics, nuclear reactions, and of the energy
transport in the nuclear reaction products and radiation,
give results in approximate agreement with the numbers
just given. Of particular irniterest for the expériments
now being undertaken by several groups in the USA and other
countries is the prediction that the "breakeven" condition,
with fusion energy equal to laser energy, can be reached
with laser energy of about one kilojoule. This prediction

holds, however, only if several conditions are satisfied.

260




These are:
A. Configuration regquirements
1) laser pulse time variation properly
matched to pellet configuration
2) spherical symmetry of pellet
illumination
3) spherical symmetry of pellet
configuration
B. Physics requirements
1) ' stable hydrodynamic motion
2) adeguate laser-plasma coupling

3) absence of appreciable pellet preheat.

If these 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
hundred megajoules. A drop in compression of a factor of
ten as a result of imperfect convergence can increase the

breakeven energy by a factor of ten to one hundred.

The configuration requirements on the laser energy
variation in space and time, although difficult to meet,
can be satisfied with properly designed illumination systems
and laser oscillators giving controllable sequences of
stacked pulses. The pellet symmetry can also be provided
by careful pellet fabrication and selection methods. We
have studied the effect of variation in the laser and pellet
parameters, using 2-dimensional computer simulation, and
determined the allowable departures from complete symmetry.

These conditions are imposed on our laser system and pellets.
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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
associated 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 1laser driving the main amplifier
train is a VK800 laser built by CGE, with some modifica-
tions 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 possible, 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
diameter 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 centimeters and the effective aperture is
122 cm2 . The glass stores 0.32 joules/cm3 with 8 kev
pumplamp voltage and 0.36 joules/cm3 with 9 kev pumplamp
voltage. With 200 joules input with 3 nsec pulse width
(FWHM) to the GE system, the measured output from the first
six modules is approximately B840 joules at 8 kev flashlamp
voltage. The predicted output of seven modules at 8 kev
is 990 joules and at 9 kev approximately 1400 joules.

The measured gain is in goed agreément with the design

predictions.

The laser is protected against damage from reflected
laser energy by Pockel cell isolators at the entrance to
the 16 mm rod of the main amplifier 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 schematically 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 level. The arrangement of
the target area is shown in Figure (6). The chamber con-
figuration allows the measurement of X-ray spectra by
spectrometers, fast diodes, thermoluminescent diodes, and
photographic plates. The neutron production is measured
with several calibrated scintillators with large aperture
and with time resolution of a few nanoseconds. In addition,
the integrated neutron production is measured through silver
foil activation. Provision has been made for time-of-flight
measurement of the neutron energy spectrum. For measurement
of the spectrum from a single neutron ﬁulse. a DT neutron

yield of about 108 is required.

The illumination system of the present laser
configuration is shown in Figure (7). The illumination
of spherical targets is uniform to 5-10%, the indicated
correction plates perturbing the laser flux sufficiently
to give uniform absorbed intensity on the target, after
correction for the non-normal incidence. Other 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 CD; shells
to non-uniform illumination by the KMS Fusion laser.

Two configurations are shown here. The first is two-sided
illumination with two £/2.6 lenses. The second is two-
sided illumination with two £/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 pm thick shell of 200 Um diameter is plotted in Figures
(9) and (10) for the £/2.6 and £/1.0 lenses, respectively.
The grossly non-spherical convergence resulting from the
£/2.6 lenses is in striking contrast to the much improved

convergence resulting from using £/1.0 lenses.

The reflectivity of targets under intense laser
illumination has been the subject of intensive theoretical
and computational analysis and of more limited experimental
study. The theory of laser deposition predicts two princi-
pal classes of instabilities resulting from coupling of ion
density waves, electron plasmaIOSCillation, and the incident
and reflected laser waves. One class of instabilities
resulting from the excitation of transverse ion and plasma
waves with wavelength much less than the laser wavelength
is 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 Maxwellian. Another class resulting from longitudinal
ion or electron density fluctuation, i.e., stimulated
Brillouin or Raman scattering, is predicted to lead to a
marked increase in reflectivity, possibly saturating at
high laser power with reflectivity coefficient approaching
unity. The threshold for the instability is expected to
depend on target material and the illuminated area and

pulse length, the latter 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 10%2 o 1013 watts/cm?2,
for illuminated areas with characteristic dimensions of

the order of 100 microns.

We have measured target reflectivity 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 and CH, targets through a
£/1.5 aspheric lens giving a measured vacuum focal spot
of 60-80 microns diameter. The laser energy incident on
the target chamber was measured calorimetrically; the energy
on target was obtained by correction for window and focusing
lens losses. The reflected energy was measured with fast
photodiodes 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 fhe 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 B8-12 kev range was measured by a pair of
fast diodes with 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.




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 £1.5 illuminating lens. This target
refleétion was also monitored at 45° 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 CH, and cp, 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 CH, and CD, 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 joules on target or 3 to 4 xlOl4 watts/cm2 , and
drops by a factor of two to three at the maximum energy

15 watts/cm?. The high peak

of 160 joules on target or 10
reflectivity at 3 xlD14 watts/cm2 may be associated with
the onset of stimulated Bril;ouin scattering and the sub-
sequent drop to saturation of the stimulated Brillouin

scattering and the onset of anomalous absorption.
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The variation of reflectivity during the laser
pulse also 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., BAs the power
increases, however, the reflected signal shows increased
absorption, the signal becoming markedly distorted and
the reflected power appearing to saturate. The details of
the reflected pulse show some pulse-to-pulse va;iation,
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 reflected
signal following a saturated reflectivity plateau. This
is an indication of the rising reflectivity with decrearing
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 CD, target. The
neutron production has been observed with laser energy
delivered to the CD, target in the range of 65 to 175
joules, corresponding to a peak power at the target in the
range of 4 x1014 to 11 x1014 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 yleld 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 scintillators 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 (several hundred kev)
followed by a neutron pulse at 12-15 nanoseconds after the
hard X-ray pulse. Delayed neutrons were also observed
following the X-ray pulse by 60 to 70 nanoseconés. In
several cases the delayed neutron signal was much stronger
than the prompt neutron signal and occurred with 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 target. 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 4000 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
walls or from other more localized 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 continuously distributed
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from the onset of the prompt neutron pulse to many tens of
nanoseconds, in contradiction with the clearly defined
delay of 50-70 nanoseconds observed. The delayed neutron
pulse is consistent with fast deuterons from the target
impacting on CD, 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~-temperature plasma model is used. Thermal conduction
and electron-ion energy exchange are included. Shocks are
treated by introducing a von Neumann-Richtmyer artificial

viscosity.

The computed peak electron temperatures, Be’

and neutron production, N, for laser energy outputs, EL,
of 100j, 200j, and 300j are pqesented in Table I for wvarious

spot sizes, R (The spatial distribution of the radia-

0"
tion is taken to be proportional to exp[—(r/RO)z] w)

TABLE I - CD, FOIL RESPONSE

2
Pulse E R ] N
Width i - "
(ns) £33 (Hm) (kev)
3 100 50 1.2 8.102
3 200 40 1.55 6+5-103
1.2 100 30 2.0 4.5.103
L2 200 30 2.4 3.10%
) 300 30 2.56 g.10%
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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 several hundred
to a few thousand neutrons for 3 nanosecond pulses con-
taining 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 um case is
plotted in Figure (13). The relatively planar shape 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.Kurchatov Institute of Atomic Energy
Moscow, USSR.

A mechine that produces fast quasineutral flow of ions and
electrons we call a plasma accelerator (PA), In a such flow an ave-
rage directed velocities of ions and electrons are approximately
equal, Hence an ions carry main part of the total Kinetic energy
store. At a velocity range V£510ch/sec that is of interest for
the fUsion purposes an expenditure for the electron acceleration
are small relatively as well as absolutely (€1 eeV)e

So one can call plasma accelerator as a machine for the ion
acceleration under quasineutrality conditions. A physics of the
PA in distinction of the plasma throne physics is quite adjacent
to the high temperature plasma physics. This is plasmadynamics of
high velocities as soon as ionization and radiation processes are
of minor importance.

The role of the PA in the development of physica and technics
will grow.

One can gee it in Fige1 where typical regions of the gasdyna-
mice, mechanical systems, charged particles accelerators and PA are
indicated in the density-energy frame, The development of PA is
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-
sicn = plasma confinement problem: a motion of an independent partiw- .
cles is investigated or an equiliﬁrium MHD configurations are studi-
ed. Just the same can be made for the FTA analysis.

At first some remarks concerning MHD approach to PA problems.

Basic equation of motion & ek

AT g (piere) v FHH
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 comparison
with the confinement problem is a Hall effect term in the Chm 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 eqe (1), but from analysis of the every
component dynamics, i.e. uses two liquid plasmadynamic equation,

u

Let us stnrt from the equation of an ion motion
o T AN ST )

An ion can be accelerated either by the ion pressure gradient (V‘pi),

by the electron friction ( %%#’ ) or by the electrical fleld (E).
A Lorentz force does not change an absolute value of velocity and
if 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 py end terms
are small and ions are accelerated by an electrical field. For this
case let us wrife approximated equaﬁions

N =elE+F[VH])
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 usual electromotor serves as good example. An elec=
trical field in a plasma is weakened due to the high mobility of
electrons, So, to clarify existence conditlions of the electrical fi-

eld in quasineutral plasma, let us write down equetion of electron

component motioq;(niane=n) 5 e‘?>

If there is noremaway in the system, the electron inertia term can
be discarded, Neglecting ohmic resistiviiy of plasma one gets sim=-
ple equation for electrical field:
— -
E--Z[VA]-1& (5)
From this basic equation one can see two extreme approximations
a) E?:: . j;??__q .
WE=~-¢F/[Vot]

In the firast case electrical field is formed by the electiron
pressure, Electron pressure acceleration is realised in so called
nonisothermal accelerators of which some systems developed by Conso-
ly (with UH electron heating), Semashko and Kuznetsov (with high-
voltage injector) and Demirkhanov et ale, Gabovich etc, are well
known [1 ]i

I ghall not deal with these systems detally but I'll try fto con-
gider the second case which seems to me more general, In this appro-
ximation electrons are frozen and 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 consgider stationary systems with ele=

ctrostatic field, For such case B=—V ¥ and magnetic force lines are

equipotential, {r;{f v Pe =0, ‘};/6" — 0)

e can write down this fact asm fD = 9)(3’) where J is
the magnetic force line index. As it is seen from (7) the drift of
electrons is needed to maintain nonequilibrium electrical field ob=-
viously., The drift of electrons occurs aloud the surfaces @ ( 3’):

=congt. The condition of magnetic force lines equipotentiality determi-
nes the potential value along the line itself, but it says not about
potential change while transition occurs from one line to another.

Two different situations are pogsible:

a) magn, force lines are closed and do not cross the walls of
the plasma chamber, where the flow passes. Such situations are rea=-
lised for instance in coaxial guns, megnetoplasma compressors and
g0 on (Fig.2a).

b) All magn. force lines (are) crose the chamber walls. Due to
the limitations 1 shall confine myself with the second case (b), In
thése systems the dependence SD/X):'LE gpecified 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 pasaible therefore to obtain
for the secona case (b) any orbitrary dependence Pl ). Then, even
weak interaction of flow with walls given the potential of the fo:t-ce
line equals to the potential of corresponding electrode (with an ac=
curacy order of M /e ). It is obvious that at such supposition
the equipotentiality condition (8) determines the electrical field
in all volume of plasma, just as Laplace equation A )’9-0 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, separation, decce-

leration (recuperation), confinement and so on, We shall consider

a set of some peculiar systems based on above mentioned principles.
Now let us make some general remarks.

First of all - about electron drift .

We have underlined that drift is principall necessary for main-
tenance of the nonequilibrium electrical field, The simplist way for
supporting the drift is to use axially symmetrical magnetic field
without asimuthal component (H0=0).

For the steady state symmetrical conditions the electrical field

has no asimutbal component, sequently the electron drift will be

closed,

If magnetic fiéld is descripted as function of the magnetic
flux ¥V (whereHT_:‘%@ig—; Hz:ti;;&% s 80 one can
write P=P(¥) (10)

If a system has no axial symmetry (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-
ce described by formulgoiha coMnstant electrical potential surface,
drift surface and surface

W = J/le;grég— = =const
are the same ones. (We assumed T, —— 0 and no =lectron losses to
walle). Magnitude‘ W is generalization of the well known in the

47
theory of flat MHD  flows parameter of frozen slactrons X =

and so called specifie volume of the magnetic pipe (tube) J/Eijr;jz?

The second remark concerns finite value of /-2 . The matter is
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that in the many cases the influence of the electron pressure is
noticeable though not crucial.
If we assue the temperature to be constant along the magnetic fo-

rce line (what is but matural for very wide range of parameters)

Te = 7e (&) (12)
so from (5) if follows that "thermalization" potentisl is constant
along the line also
A - KTe(Y) /7
?%:(J) =P = e 7 o
Here /7 ip relevant value of plasma demsity, /7¢ is arbitrery
constante

Some general remsrks will be made further.

Plasme lenses.

Above considerationﬁ were demonstrated most clearly by Zukov
in hie experiments with mo called plasma lense. As it is kmown the-
re are two simplest vacuum lenses: electrostatic and magnetice. The
first one represents a ring with g ome voltage applied (Fig.3a). Its

focusing distance is given by formula.

728 we &
Fe = R° 35 fedr)? (14)
Here K is ring radiug W, - ion energy.

For argon ion source at energy 10kV, R=5c¢7n and U = =IkV we get
focusing distance Fg =68 metres. This is very big distance. Besides
this lense is alwayes converging with no respect to the sign of Ug,
because Fg dependes on square of focusing voltage. Finally, this
¥acuum electirostatic lense has spherical aberration, that principal=-
iy caﬁ not be excluded.

A magnetlc lense in its simplest +type also represents a rurrent:
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bearing ring (see kig. 3b).

PFocusing distance is given by feormula
B = R_f_é‘_ MC2 " c2wy
H TS INgE3 gz . Tz —
For the pame parameters of ring at 1000 amper turns, focusing

distance will be Fw =350 m, If the voltage will be applied to the
ring under bias magnetic field for rarefied non compensated beam fo-
cusing distance is nevertheless very large ~ /£ , tubt the picture
will change crucially if dense enough ion beam is treated and a qua-
gineutrality is achieved,’

Due to the above mentioned equipotentiality of the magnetic for—
ce lines the electrical field undergoes rearrajingement and focusing
power in changed, The focusing distence decreases to 2> em and lense
can be converging as well as diverging with respect to the sign of
the voltage, By means some brush comb of electrodes (see Fig. 3c) the
control of the potential distribution of the magnetic force lines is
possible and one can get rid of spherical aberration,

The plasme lense focusing distance is given by formula /1]

foe, = R [ 2% - ) e
where ¢ is some magnitude order of _Z depending on megnetic

field geometry and potential distribution across megnetic force 1li-
nes i,e, along the electrodes of comb.

The formula (16) was proved in experiments with the flow densi-
ty and megnetic field high enough to have Debye radius and Larmor
radiue coneiderably less than lense hole, It is well seen in Fig.4a,
4b whilech reveal constant /-;:é at ‘/7 2ller ¢ H > Hex

It is obvious that lense with focusing distance calculated
from (54 is electrostatic. Following conditions are featuring, for
it Rel << R

Rie >> R

where e f . fﬂ'eare Larmor radii of electrons and ions.
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ACCELERATORS

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,and ¥ Dg» V Py {Z}‘? 0.

Up to now only closed drift PA were investigated in which potenw-
tial distribution was performed by the two electrodes. More complica-
ted systems if made were not studided deeply enough.

We subdivide all pubhlished Kinds of closed drift PA on three
classes.

a) accelerators with anode layer

b) one lense accelerators

c) meny lense accelerators.

Accelerators of "a" and "b" Kinds are studied detally despite
they did not work with hydrogen fuel,

a) Anode layer accelerator [HJL The idea of this accelerator
was advanced by Zarinov and consists as follows. Let us consider some
metallic box=~ionizator with some "Foreward" emit ting surfac?. This
box is under high (~1-20kV) positive potential Uo and is placed
between earthed magnetic poles producing magnetic field order of so-
me kilogausses (Fig.5a). It was rovealea that near ionigzator (anode)
a quasineufral layer with thickness "d“cg;der of electron cyclotron
radius BE/R was created. Reﬂ 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 He. This layer
proved to be very steble though a level of the small-scale noises is
congiderable, Nevertheless,the system keeps high voltage very well.
AwVeZarinov and collaborators succeded to obtain flows of heavy
ions (thallium, bismuth) with densities up to 0.3°/cm? at interelectro
de voltage ~ 2 -10kV,
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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 "3/2" law of Lengmuire, that is
due to the space charge compensation by electrons. This system can
operate without speciel ionization, though with worse parameters.
Accordning to theory and experiment for this case ionization occurs

in anode layer with thickness growing to value

a/_ /PEA V/]E;ET—T where V = ionization frequency
Vo : Ve~ effective collision fre-
quency.

Operation of above accelerators was studied detally in "Ion
magnetron" geometry (Fige.5b). Some drawbacks of the anode layer ac-
celerators are large values of electrical and magnetic fields and
necessity to arrange all sistem precisely, Nevertheless it seemed very

ugeful to test anode layer accelerators on hydrogen.

b) One lense accelerators,

One lense accelerators were made.as pystems for which one tried
to avoid large E and/ H fields and to eaneel precise arrangement. It
was intereating also to check a possibility to make an accelerator
with elongated electrical field ( L >> Aer), Stretched accele:
rating zone permit to use small values of el. and magnetic field and

facilitates to control the field structure /1] .
For two-electrode system the elongation $f accelerators zone

may be done by change the metallic chamber for dielectric one (Figs2b)
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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 walla.

A focusing is achieved by epecial lense-~like geometry of the
magnetic field, as it shown in Fig.2b. Due to the equpotentiality of
the magnetic force lines an elecirostatic lense is formed that focu-~
ges the ion flow.

The first experiments with the one lense sccelerator model pro-
ved ite efficiency. The accelerator operates as follows: driven sub-
stance (gas, vapor) is feeded to the gas distributing anode and
through a boles reaches accelerating channel, There it is ionized
inside the electron cloud. Electrons are drifting in the crossed
electric and magnetic fields, Typical values of L equal to 8 15eV.

The ions formed are extracted and accelerated by electrical fi-
eld and then ions leave channel hecause channel bugth ls much less
than ion larmor radius. Aiw >> 4

Of course, R, za L . Outgoing flow is compensated by ele-
ctrons from the plasma cathode. Typical voltamper dependence for the
discharge is shown in Fig.7. Typical accelerator diameter that pro=-
duces ion flow of N, A, Xe at 10A current is order of 10cm.
Magnetic field value -~ 200g.

In diﬂtinction of the anode layer accelerator this one lenae
P.A. is 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 esmounts to (0,1 ~ 0,5) x I discharge.
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Just this movability is responsible for achievement the distri-
bution P& ) o It turned out that usually inside the channel £ ~//
A study of the oscillations in 1mhz range revealed some Peculiar
features. Structure of oscillations depends on way by which the mag=
nitude W= [ %{”L? changes along the channels

A theory and experiment show that for W decreasing along the
channel, the nondiseipative potential oscillations are stable.

(We call this regime a "positive field gradient" V H > 0 regime).
On the contrary, if W is increasing (VH &£ 0), the plasme is unstab=-
le. A local investigations showed rotating with constant velocity

"Equipotential shift" surface at VH <0, Typical frequencies of this

zotations ~ 20 -~ 70 KHZ .
In the analogous conditions but with positive magnetic field gre:
dient usually small=gcale irregular pulsations are observed, These

pulsations have maximum of the spectrum at frequency time of flight
‘f’ s Vrmox

A |

It should be underlined that all above mentioned remarks relate to |

the "saturated" part of the voltamper dependence.

In the regimes with '"noise" ion energy is 2/3 of the dischar-
ge voltage and spectrum width is 1/3 Uo'

The results of the experimental study of the time of flight os=-

cillations showed these oscillations are not due to the instabili-

ties of the whole plasmﬁ volume. They are activated by the "active"

boundary conditions or by the right - wing parts of the perturbation ‘
equations. In the one-lense accelerator case "activity" of the boun- }
dary conditions is detemined initially at the entrance 'by the ioni-
zation and finally (at the exit) - magnetic field decreasing. (vH <0y,

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,
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As the recent investigations revealed the effective method for
the operation improving is accurate choice of magnetic field with po-
gitive gradient., It allows to improve the electrical field structure
(on terms of the ion flow focusing) 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 ions,

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 walts /1 [ ;

Many lense accelerators

It was rather difficult to get hydrogen ion flows in the one-~
lense, two-electrode, accelerator because of poor ionizingability of
the hydrogen. A simple calculations show that for H2 and Ka the equ~
al length of ionization zone will be at feeding ration (exprassed_in
particles per second)~ 100 at Teﬂv10eV. As soon as power level ne-
eded for discharge firing at such conditions (i.e. without additional
ionization systems) reaches hundreds of Kilowalts, we developed
quasistationary two-lense accelerator. 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-lense P.,A, 8trong magnetic focusing
turns out to be effective. A trensverse oscillations in this case are
given by equations (for large lense number)

g“*ﬂz_df =0 [20a) where ¢ =7-R
is shift from the equilibrium trajﬁftory =/~
n2- Lty 7 £5  (205)

we supposed the radial component of the magnetic field equal

He = Ho3ind& s ~H®
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We succeded to obtain ion currents up to IkA with average energy
1;5keV ;n the two lense P,A. But the flow divergence wes very high
(~90°).

Approximately two years ago we showed that in the four-lense
PoAs 1? was possible to gei double voltage with respect to the two-len
se P.A, without losses of current. Particles energy was doubed alao;
The flow divergencc was lowered to 60° because of the special mag;
netic field geometry (with zero near the anode).

The broad spectrum of the ion energy the ligh out put divergence
of the lon flow, a considerable flow of neutrals in the channel-all
these circumstances indicate on dominating role of the reacharging
process in volume of channel, We have analyzed recently a possiblility
to use this accelerators as injector of neutrals for the T-6 Tokamak,
A calculations show that at available holes in the Tokamak jacket on-~
1y 1 2% of the total ion current can enter the Tokamak volume, Be-—
sldes, a power of the trapped particlga will be 10 -20kwt, what 1is of
one order of magnitude less than many-slit lon sources provides;‘So
we suppose unreasonable to use existing many lense systems,

It seemed tha in some detalls the investigations of many lense
P.A; should be started from the very beginning. A good ionizators
ghould be developed as well as syatems of effective neutral expelling
and systems of the potentle fixing along the channal; All 1t needs
hard work, This work seems very nscessary and reasonable because many
lense E;A; facilitate to get iom flows in hundreds and thousands amps
uncomparibly easier that ion devices.

I want to underline that plasma systems with over equilibrium
electrostatic field are not limited by the plasma lenses and accelo-‘
rators. As an illustrations I mentlon a magnetoelectric trap, develo-
ped by O.A;Lavrontynv or an idea of trap with nonfrozen ioms bu

frozen electrons that was advanced by V.V.Zuckov and me., This ay=-

gtems can be considered as analogue of the one lense accelerator
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or, more better;, as analogue of the plasma lense, mentioned above,
It wae called "Ecspt" ; which means "electrostatic plasma trap”.
An "Ecspt" has a wonderful ability to recuperate the energy of the
escaping particles. But iis descriptions lays out of my survey.

It seemed to me that all mentioned above demonstrates unlimited
facilities of the P.A, and plasms systems with over equlibrium ele;
ctrical fielde, Theirs sfficiency is proved by experiments and with
ghme practical devices; But 1t atays much more to doe

\
|
REFERENCES 1
|

1, Plasma Accelerators, supervised by L.A.Artsimovitch, Moscow,
Meshizdet , 1973,

2o Zukov V,V., Morozov AsL.,, Schepkin G.Ya., Ion beams focusing by
& plasma lense, JETP Letters, ?.9,’”&1, Pe24, 1969,

3. Morozov A.I., Esipchouk Yu.V., Kapoulkin A.,M., Nevrovaeky V.d.,
Smirnov V.A.; Influence of the magnetic field configuration on
closed drif accelerator operation" JTP, v.42, w 3, p.612, 1972,

4, Morozov A.I., Klaslov A.Ya., Zubkov I,P. "A High-curreni plasma
accelerator with closed electron drift" JETP Letters, v.7, n T,
DP. 224, 1968,

5 Zubkov I.Ps, Kislov A.Y8., Morozov A.l,, "High-current accelerator
optimization", JTP, v 42, N 4, p.898, 1972

298




W
10 <1 |
A == A
1, |l ] P
I (M B I- i
0 0 7 LT ' 4
0% L{ 1 |
| [ I
10° 1 | |
| I

of + 10 102193 10% 105 106 10F

Fig i

h/:"g/ﬂ_qﬂ’ﬂoﬁ

<3
.

SV A

AVAVAVAVAVAVAVAVAY.

e

VAV AVAVAYAVAVAVAYA

ra AVAY,

VA 4 ¥
B

PP
Fig 28

299

\

L%

I prr
Fig 2a.




300



2.0

76

12

0.8

0.4

10

Fég. 4o

301



230

200

150

100

cH

20

19

10

H3

48

Fig

302




(A nocle
i fz:n_c_réj

Ca tAode

XK X

25

X2

£

QAT

%
X

+ql-
L

303



304




|||¥+ — —
L
_______ -'T_- ———————— i
25 geies g3
Ao, 4 gEmemmeme RE e =
Fn’gﬁ
305




ENGINEERING PROBLEMS IN CTR

UKAEA Research Group, Culham Laboratory,

|

|

by R Carruthers {

l

Abingdon, Berkshire, England '

The title was suggested by the Committee, but this is not to
be a catalogue of the engineering hazards lying on the road to a
fusion reactor. There are enough papers which do this - unfor-

tunately displaying a general lack of practical solutions.

In this talk I am going to try and give you an 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 i
shape. Progress to the point at which the key plasma parameters
of temperature, density and containment time are within almost an
order of magnitude of reactor requirements is a heartening position -
even though experimental success and theoretical understanding are
not necessarily in accord.

We must remember that fusion is just another possible resource i
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 with the questions "Why?" and "When?". That is, "Why
should fusion power be adopted as a major energy resource?", and,
"When must it achieve credibility to be available to meet the
market demands?".

Fusion Power - Why and When?

Fusion power is advocated as a preferred way of filling the
potential gap between the growing world demand for energy and the
likely supply from fossil fuels. ‘As compared with nuclear fission
reactors, there is good reason to believe that fusion reactors
could be designed to operate without producing such undesirable

problems of radioactivity.



A further advantage is the cheapness and ready availability
of the fuel supplies. The long term benefits claimed for fissior
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 as ' the readily worked reserves become
depleted. Fusion power avoids this problem - 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 attempts have
been made to outline such a future programme, and they are all tending
towards a number of common features(1)(Fig.1). Firstly there is a
consensus that "feasibility" will be demonstrated before 1980 and,
secondly, that the practical demonstration of reliable power
generation will occur around the turn of the century. The
intervening yeafs allowing a "reasonable" time for developing all
the envisaged technologies and experiments which will demonstrate
reactor conditions, non-economic prototypes etc, leading to a
‘"commercial" design operating by about 2090. This is what I would
describe as a "roll-forward" programme. It is the technique
appropriate to scientific programmes which are essentially open-
ended. Is this a justifiable approach? It proceeds with proper
scientific caution and assumes that when the practical objective
has been attained and proven, then the world will inevitably choose

to obtain most of its energy requirements from fusion power plants.

A recent examination of forecastscg) 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" anaiysis, where cbmpletion 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 supject should be first approached as a technical problem in
which estimates are made by established techniques and, usually,
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justified by reference to previous trends. This 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 acceleration in the rate of growth of
demand, although there has been a steady acceleration during at
least three decades up to a rate which is now about 5% p.a. on a
world basis.

The suggested upper limits for the rate of production of
énergy from fossil fuels are derived from King—Huhbert{3). They
envisage an increase in annual production of up to three times
that 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 poinz of usage.

From this diagram we see that the gap between fossil fuel supply
and energy demand can be expected to appear somewhere between 1985
and 2005. This is the position we are likely to face if world
development continues to follow 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 environmental pressures which would do more than defer the -
preblem 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,

thankfully, as relieving the relentless pressure on resources.
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Let us now try and fit fusion into this energy supply and
demand picture. As fossil fuel reserves are depleted and costs
rise there will be pressures for the exploitation of other
resources to fill the gap. It is a gap which will grow rapidly -
between 200 and 400 MTCE per annum depending upon whether or not
fossil fuel production has reached its plateau. If the gap is to
be filled by electricity from nuclear reactors, this could
represent a yearly installation rate of up to 600 GW of power plant
working at 50% load factor. An investment programme of this mag-
nitude is going to call for proven reliability and a demonstrated
life for the ‘equipment. This is an unfortunate fact which fusion
must face - novelty alone, even with '‘a modest cost advantage is
never accepted as a reason for a change in technology. Only if
the new development meets a requirement in a way which is unicuely
advantageous can a new technology become established. This can
be seen in the history of the electric 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, understandably, 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 power
programme must 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
have been with us since the 1950s and will have sufficient inte-
grated 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 gquite such good
shape. Although there are more than 10 years of working experience
with experimental reactors, plans'for prototype reactors have
slipped. Nevertheless there should be sufficient commercial
operating experience for major decision making in 15 to 20 years!'

time.

u

The "roll-forward" programme for fusion, leading to pilot
plants around 2000, appears to put fusion at a disadvantage since




performance demonstrated to the standards usually required of a
displacing technology would not be possible before 2015 to 2020.

By this time there could be several thousand GW of fission power
plant in operation, and in the absence of any major disaster, the
world would have come to terms with the hazards of fission waste.

An argument to introduce fusion ang 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 role in
meeting future energy needs, then consideration should be given to
establishing its credibility at a much earlier date. Full
development and adequate life experience is cbviously not possible
within this time scale, so it is important to identify those
features of a fusion reactor which present problems requiring
serious attention before an acceptable engineering proposal can

be made.

Requirements of a Fusion Reactor

Although recent years have seen the publication of a number
of conceptual design 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. It must be possible to build the reactor;

- without invoking unexpectedly advanced

developments in materials properties.

2 The reactor must be capable of reliable operation

over a designed life;

- routine maintenance and all possible repair
work must be possible without requiring a
technological tour de force.

< The reactor must be acceptably safe.
4. The reactor must produce "economic" power.

These may be felt to be so cbvious 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 forgotten.
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Most attention has been devoted to the last two items, safety
and .economics. This is quite understandable - unless a generous
assessment of the economic potential of a possible route to a
fusion reactor showed it to be in the same ball park as competing
energy sources, then preference should be given to a.more
favourable route. The concern with safety is to ensure that
the potential advantages of fusion are properly quantified so

that justifiable comparisons can be made with fission.

This first round of conceptual design studies has been
valuable in encouraging a wider appreciation of the way in which
reactor requirements can react back on the plasma physics
requirements - as for example in establishing that toroidal
reactors will require a relatively high B and be of large size -
several GWs. To this extent is is a useful discipline in
establishing a fusion reactor orientated plasma physics programmec.
The publication of such studies has however demonstrated to
hard-headed fission reactor engineers how far we are from having
credible solutions to many of the non-plasma physics problems of
fusion - let alone solutions with a preliminary engineering
assessment. In short, without more attention to the first two
items - construction and operation - further estimates of economics
and safety are unlikely to be takén seriously.

Towards a Fusion Reactor

I referred to the present programme predictions as being of
the "roll-forward" type. In the simplest terms it has been

considered to have three stages:
(a) Scientific feasibility;
(b) Technological feasibility;
(c) Economic feasibility.

This simple approach has grave weaknesses. The experimental
arrangement selected for the demonstration of "scientific
feasibility" may not be suitable for extrapolation to meet the
technological requirements of a péwer producing reactor. A
technological solution which, although workable, did not satisfy
economic canstraints, would not be acceptable. The three parts

311




cannot be separated in preparing the "critical 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 such experiments can be considered "successful" in that they
add to the sum total of knowledge. However, progress towards
a fusion reactor may 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 technological progress - if the standards of plasma physics
were applied to raising steam in coal or oil-fired boilers we
should still be awaiting the Industrial 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 particular 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 Turning Point

This 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 lasted, so far, for about
25 years, it is not inappropriate to consider when the turning

point for fusion might occur.

Let us examine the problem with the aid of my next diagram(Fig.3)

I have drawn this in a way which emphasises the change of
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philosophy which has to be faced at the turning point. The
research phase is, quite rightly, a divergent one - although en-
deavours have ocbviously 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-orientated, 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 observed on an experiment when theory predicted 100 sec, the
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 of the containment time!

My own view is that we are already at the stage where we must
consider the implications of the change to a convergent programme.
Many laboratories are now woarking on plans for experiments on a
much larger scale than hitherto; T 10, PLT, JET, The associated
time scale 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 important to ensure that the experiments are considered
not only for the advances they are expected to make to plasma
physics, but also for their relevance to the problems of fusion
reactors, and the extent to which they can be used to develop
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 Problems

At the beginning of my talk I expressed my optimism in the
present state of plasma physics. In general, results are as
good as the apparatus would allow - 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 fusion
power there should not be too many steps before reaching the
"Technelogy Demonstration Model". I use this latter term

because the scaling laws for fusion are such that it is a stage
which is more appropriate than the power producing prototype

which is usual in fission reactor development.

What are the problems which such a "Technology Demonstration

Model" must show to have been satisfactorily solved?

They can be obtained from the consideration of a fusion reactor

as having three main regions:
(a) The interior - the subject of plasma physics;

(b) The exterior - where neutrons are moderated, energy
extracted and tritium is bred. A
region having much in common with
fission reactors.

(c) Th= interface

region - where there are problems of magnetic
fields, high vacuum, surface physics
and chemistry, particle sources and

plasma 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 undertaken, the problems
of this region have been somewhat glossed over in conceptual
design studies which have concentrated on problems of the
confining magnetic field structure and neutronics.

" It has been assumed that such problems as:

Reactor start-up and heating,

Refuelling,
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Removal of the 'exhaust' fuel,

Control of particle and energy containment 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 initial concept.

Is such an assumption justified? One has only to look at the
Princeton concept for the introduction of an axysymmetric divertor
and see its effect upon the dimensicns of the toroidal field
winding to have scme 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' maintenance.

Unfortunately, it is all too common to minimise the significance
of problems outside the main discipline, a fact which has been
recognised as contributing to the delays in several fission reactor
programmes. It is a practice which stems from the tendency to try
and separate scientific feasibility from technical feasibility -
particularly in a chronological sens: _ probably due to fears that
first thoughts on the solution of a serious technical problem could
cast doubts upon a scientifically attractive approach - doubts
which subsequent research could remove. It is far preferable
to have a parallel programme of research on the non-plasma
physics problems. There can then be a progressive re-assessment
of the practicability of the various approaches to a fusion
reactor and, hopefully, an increasing realisation that there must
be a close interaction between the physics and the technology if
a convincing case is to be made for fusion power,

Conclusicns

To conclude I should like to restate my optimism on the
present state of the plasma physics. There are many possible
pit-falls ahead; but the doubts are not, for the most part,

concerning whether or not power from fusion is scientifically
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feasible but whether it can be demonstrated to be achievable on
an acceptable scale.

I have suggested that more attention should be given to the
problems of Fusion Reactor Science. In mission-orientated research
it is surely just as wrong to do too much physics on an impractical
approach as it is to undertake too large a technological programme
on an approach which could prove to be scientifically unsound.

Finally I suggest that the time scale is perhaps not as long
as many have assumed. Important investment decisions are going
to have to be made on future energy resources within the next
20-30 years. The credibility of ;he various alternatives ought
to be established by then - it would be a pity if fusion beczme
an advanced technology which just missed the market.
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ADDITIONAL MATERIATL
THE CLEO TOKAMAK EXPERIMENT: J W M Paul, A Gibson, J Hugill, J Lang, P Reynolds
P E Stott.
PLASMA FQUILIBRIUM IN CLEO TOKAMAK: J Hugill, J W M Paul, G W Reid and P E Stott
Additional co-authors: A Costleyg, M Forrest, M Haegix. 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 ms for peak currents .of 70kA

as shown in Fig.la. The plasma remains within ¥ Smm of centre for 100 ms. This

improvement.results from usingTa feedbéck system on the radial magnetic field as

well as on the vertical field (8B, =+ 0.6 nl, 6B =+ 1.9 m1). The radial field
system is used to cancel asymmetric flux leakage from the transformer core.

From measurements we estimate the average value of the non-uniform vertical
field EZ/I = 0.32 mT/kA. This agrees with the theoretical value for equilibrium
with ﬂgv 0.3 (see below) provided the curTent profile is flat rather than parabolic.

Reducing the plasma radius (using a small probe limiter) from rp = 0.18m has
no gross effect on the plasma until r < 0.16m (q>14), for which it disrupts. This
is consistent with the fact that the plasma column can move 20 to 30 mm without
gross effects. For rIr 2 0.10m, the méximum current without disruption is always
given by q ~ & (B = 23)2

2. Plasma Temperatures

Electron temperatures at the centre of the plasma have been measured by photon
scattering at the two times used for neutral injection and corresponding values for
Bae have been derived: .

-t =20 ms Teo = 230.§ 35 eV ﬂee = 0.71
t=50ms T, =230%7 eV B, =0.37

The latter measurement i:oat peak current and can be compared with the conductivity
temperature (Eb) 8o as to derive an effective Z. The valye of Tb depends on the
assumed radial variation.

a) Flat TE(r) L = 80 ev Zogp = 4.8

b) Parabolic T(r) Too =150 eV 2 .. = 1.8
The flat profile gives a more reasonable Zeff and such a profile was used to obtain
Bae above. _

Preliminary diamagnetic loop measurements yielded Big = 0.2 at 20 ms and 0.4
at 50 ms. These areffeasonably consistent with the above values.

Although the electron temperatures-reported here are lower than in similar
tokamaks, the Ba is similar. We are operating at higher depsity with flatter

profiles.

* Astrophysics Research Division, RSRD, Culham Laboratory
# National Physical Laboratory, Teddington, England
% C.N.E.N., Frascati, Italy 321




3 AT

Very recent experiments, with a symmetrical core bias winding, have produced
discharges for 0.19s with equilibrium Az ~ AR £ 10 mm for 0.17s. These plasmas have
lower densities (n_ ~ 1.6 x 10"?n™) with similar BB and consequently higher dia-
magnetic temperatures in the range 300 to 450 eV. Preliminary measurements of the
ion temperature using a multichannel neutral particl detector éive a value in the
range 100 to 150 eV.

3. Neutral Injection

The injected power has been raised to 65 kW(~ %0% 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 of conductivity temperature AT& < %%. This is consistent with
recent estimates of the expected electron heating after taking account of charge
exchange losses.

The steady Mirnov oscillations during the discharge provide a monitor of rota-
tion round the major azimuth. The fact tkat we see no change of frequency of these
oscillations on injection,limits the vel&éity acquired from the injected beam to
less than 2% of the éound speed,assuming no change in minor azimuthal veloecity.
This corresponds to a momentum loss time of 1.3 ms.

A study of the development of the energy spectrum of the iﬂjected particles is
reported in an accompanying paper by J. Sheffield et al. :nd these measurements are
related to the plasma parameters quoted above.

L. Microwave Emission

We have made preliminary measurements of the microwave emission in the range
A = 0.1 to 5 mm which includes the electron cyclotron frequency and its harmonics.
High levels of emission are strongly correlated with copious x-ray emission and
hence runaway electrons but this may not be true for the much lower levels of
emission discussed here.

The total emission in the range is unpolarized and above the classical expect-
ation for electron cyclotron emission directly from the plasma (i.e. neglecting
wall reflections). The emission is below that from a black body.

The observed radiation has been spectrally resolved by using a Fourier trans-
form spectrometer with rapid scan. The resulting spectrum Fig.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 wce(2.8 mm) and for higher
frequencies the emission decreases. The width of the cyclotron emission lines and
the resolution of the instrument are such that the observations are not inconsistent
with the presence of broad cyclotron emission bands. The discrepancy in amplitude

and polarization might be explained by reflections within the torus.
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ADDITIONAL MATERTAL (Continued)
THE CLEQO TOKAMAK EXPERIMENT
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CONFINEMENT OF AN ANOMALOUSLY HEATED PLASMA
IN A TOKAMAK (T.T.F.)
M. Martone
Laboratori Gas Ionizzati (Associazione EURATOM-CNEN), C.P.65,
00044 Frascati, Rome, Italy.

INTRODUCTION

In the T.T.F. experiment the pyrex torus has been replaced
by a stainless steel torus with the same major radius R = 30 cm,
made from 23 straight tube pieces (1 mm thick, 100 mm inner dia-
meter), cut and than welded in such a way as to form a polygonal
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.

RESULTSE

With the stalnless steel vacuum chamber we have obtained
discharges at less than 1 mTorr Hp filling pressure. Fig. 1 shows
the plasma current Iy, primary
voltage Vs' and plasma radius a i L
(from streak pictures with a IpWA)2_~h“_-h-—‘__“‘*-~h____L
slit parallel to the torus ma- 1 L
jor radius) versus time, for 0
Bp = 6 kG. The filling pressure
was 8.5 10-4 Torr and the verti
cal field By was varied to posi 40
tion the discharge at R = 30 cm, vy, (yolt)
the optimum vertical field re- 20
sulting By = 30 G. The plasma o— el .
position was controlled by
streak photography. The plasma Limiter
current stays approximately flat radius 4 7 5
for 50 usec and then decays. At \Eh“h‘“‘-h_
the change of the slope an in- afem) 2 3 0
crease in the primary voltage
is observed and the streak pic- o————
ture shows a brighter plasma
with a filamentary structure
giving indication of plasma Fig 1
touching the wall. From the
measured values of a, Ip, Vg ignoring the inductive effect due to
the contraction of the plasma column, a value for the plasma resi-
stivity can be obtained. After ZOJpsec the plasma resistivity is

;

{ (psec)
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=510%Q:n corresponding to a temperature T_ = 25 eV (Z = 1)
Before this time, just after the fast rise of theecurrent the plas
ma, contraction is 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 filling pressure (reported in the first part of the paper).
The g value at the plasma radius is 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 sug
gests the presence of stray fields, mainly due to the toroidal field
coils. In conclusion, a fast rising plasma current (risetime 1 usec)
has been produced in a Tokamak with conducting liner at less than
1 mTorr H, filling pressure. The corresponding voltage on the prima
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, when g tends to be small and at
the sametime B, cannot be increased above 6 kG due to the presence
of a stray fier of the By coils.




Radial Transport of Ions in Tokamaks Including Diffusing Oxygen

and Carbon impurities.
D.F. Diichs

Max-Planck-Institut fiir Plasmaphysik, 8046 Garching, F.R.G.
H.P. Furth and P.H. Rutherford

Plasma Physics Laboratory, Princeton University, Princeton, U.S.A.

In previous calculations using the "pseudo-classical model" without
diffusing impurities a constant Zeff (= () seemed necessary to re-
produce the measured data from the ST-Tokamak ( a=14 cm, R= 109 cm,

ﬁt= 30 kG, It= 40 kA). Such a ZE is reached in the calculations

fE
- g : = - ; . 14
shown in the figures by a prescribed impurity flux E(a} ==3x10

c::n—z s‘l at the boundary. In all runs made for different initial

and boundary conditions, for oxygenm or carben impurities, Le‘f is
£

found to decrease towards the wall as shown in Fig. |. The parameter
Ol indicates the ratio 0 e . The profiles for 0 are

tota e’ total
quite similar because the lower
Zeff Fig. |

stages of ionization are only present o

close to the boundary. A dis-— r

7.4 %

tribution of O among the stages

of ionization is shown in Fig. 2
(for the densities and temperatures
of Fig. 3b).

Such zeff_ profiles have a marked
effect on the current density

through the resistivity: a skin

current appears which causes an

MHD-unstable -profile (Fig. 3b).

Fig. 3 presents a comparison 5

f—

-




between a computation with (b) and

without diffusing impurities(a¥he
t=57.6 msec

decrease in Te is mainly due to lack

of heatingj a T;skin is prevented by

0IX

the losses.
It might be concluded that the 10" -

previously used “zeff" cannot be

0 VI

interpreted as average ion chargej it
only expressed some kind of anomaly
because the profiles of Fig.l seem
likely to occurlgnd Fig.3a, not 3b,

oVl

agrees with the measurements.

[l(ﬂV.A. Vershkov, S.V. Mimov,Proc. T T )
E.Europ.Conf. on CIR and Plasma Phys., [

Grenoble, Vol 1, (1972),p.1 Fig. 2

L3
o

a Fig.

e t =579 msec t=576 msec
N

N without

with oxygen




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 H° 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 angie to Bpgr 8o~ 35°, and anti-
parallel, (qh negative), 8o~ 15°. The high energy ions contained
have been studied with a high energy neutral particle detector, band
width ¥ 3%, Figure 1. The energy spectra at peak signal level are

s
% allows for detector

in Figure 2. The normalization factor of E
bandwidth, scintillator response and neutralization and stripping
cross sections. The detector signals for selected energies are
shown in Figure 3 and 4. Following the peak at ~ 6 msecs, these
signals decay, even though the beam is maintained for 25 msec. This
phenomenon, possibly caused by a charge imbalance generated by the
beam, is under investigation. The theoretical spectra and signals,
for the Eo = 22.5 keV component were obtained from a linearized

f1]

version of the Fokker Planck egquation , averaged over angle (8).

3
£ Bt E +[(1+@_§)z) _ eq:;*3 £o 1B +(i
T

1 = =
at = 2EoTg 3x® s BhVe Tox e "'_c:x)fﬂj(x}(l_e ter) )
Vel Diff. Friction. Elect.Accel Charge Exchange. Source
= !ifl , Bo =% thna
12 e 7
Tom l.ie?cigs)[Te(kev)] sec. Frp, %ﬁ sec' £y * Col Ba

* 2
Bo oa 15 Ty @ = (1 - Y%ope) g To = (2e£6) Ty

The parameter {Dp) is used to adjust the velocity diffusion above

the Spitzer value. We measure ng , 1.5 x 10*%cm™ %, TR ~ 2 Msec,

s Bor g % 3.5V, and I 60 kA =+ T, . 80 eV. The

gas =
difference between the two high energy tails is due to the sign
change in (g@g). For Zeff = 1 the electric acceleration is balanced

by a drag on the drifting electrons, the relative 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

(2]

Thomson scattering of 230 % 35 ev To get the absolute extent

of the parallel tail we need Dp~r4. We are investigating effects
which may contribute to the apparent anomaly, these include
collisions between the beam-ions, geometric effectsand fluctuations.
The computed results are not sensitive to neutral density, but
the slight initial increase towards lower energies suggests that
n,< 1.5 x 10% em™®, the subsequent decrease in level around 18 kev
is probably due to the neglected apgular scattering terms, J.G.Cordey
was responsible for the theoretical analysis.
We are Qrateful to Drs. R.J. Bickerton, J.W. Connor, A. Gibson,
"J. Hugill, J.W.M. Paul and other colleagues for stimulating
discussions.
[1] Rosenbluth, M.N., et al. 1957. Phys. Rev, 107, 1

[2] pPaul, J.W.M., 1973, supplement to this conference.
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ORMAK AND NEUTRAL INJECTION*

C. ¥, Barnett, L. A. Berry, J. D. Callen, J, ¥, Clarke, O, B, Morgan,

R. J. Colchin, A, C. England, J. T. Hogan, G. G. Kelley, L. D. Stewart,

J. R, McNally, Jr., M.. Murakami, R. V. Neidigh, M. Roberts, J. A. Rome,
T. C. Jernigan, W. R, Wing, and W. L. Stirling

Oak Ridge National Laboratory
Oak Ridge, Temneszee 37830 U.S.A.

Abstract, OCne of the four ORMAK neutral injection modules(l) has been installed
and operated successfully at a power level of 70 kW, An ion temperature increase
of about 25% has been observed, which is in agreement with predictions of theory.

ORMAK Plesmz Conditions. The ORMAK plasma conditions during these injection

experiments were characteristic of those usually encountered during initial
operation of the device, nemely, relatively high C and O impurity content and

MED activity. Typical paraﬁeters are given in Table I. The cbservations of m = 2
and 3 MHD oscillations at a limiter q = 6 is indicative of the shrunken current
channel expected at high impurity levels. This impurity level is also reflected
in the large ratio of electron temperature obtained from the plasma resistivity
to that determined from the plasma bremsstrahlung radiation.

The level of neutral density indicated in Table I is about a factor of 2
lower then those previously quoted from ORMAK under similar conditions(g’?’).
This results from a more realistic interpretation of the neutral spectrometer
data using the ORMAK neutral transport code(h). At the neutral density
indicated the three ion energy loss mechanisms of conduetion, convection and
charge exchange are comparable in magnitude at the center of the plasma,
Injection Dxperiment, A 60 msec pulse of energetic neutral atoms composed of
about 1.1 A @ 25 keV, 2.6 A @ 12.5 keV and 1.1 A @ 8,3 keV was injected into the

plasma in a direction counter to the ohmic heating current., This 70 kW represents

709 of the injector capability. Because of the large drift orbits in the 80 k&

discharge, we caleulste that 59, 75, and 85% of the three energy species are

retained in the plasma. The fraction of the beam power given to the plasma electrous

ice ego small compared to the ohmic heating that we expect and observe no change in

Te' Taking charge exchange losses during ihe slowing down process into account, we

' 5
calcuiate that about 10 kW are deposited in the plasma ions, This power is peaked' "’

rear the plasma axis and amounts to an energy input to the plasma ions of about

.025 v <:m3 compared o the usual 0.1 w/cm3 from electron ion collisions, This

- 2

inerement in power produces a central ion temperature rise of about 25% as indicabted

in Teble 1.




Table I
Typical ORMAK Plasma Conditions With Injection

Injection
. Off On
B, (G) 13.5 13.5
vV (Volts) ) 3.5 3.5
I (k Amps) 80 8o
;e (mean electron density, 1013cm—3) t = 20-30 m sec 1.7 1.0
t =50-60 m sec 1,5 1.8
n, (neutral density, lOch-B) L ks
T (Bremsstrahlung, eV) 700 700
T (resistivity, eV) 70 70
T (neutral spectrometer, eV) t = 20-30 m sec o3 + 20 287 + 20
t = 50-60 m sec 198 + 15 256 + 15
MHD azimuthal mode number 2-3 2 -3
g limiter ) 6 6

This increase in Ti is also in agreement with that predicted by the ORMAK plasme
simulation code using pseudoclassical particle diffusion and neoclassical ion heat
conductivity. )

Conclusion. The injection experiments described above show an ion temperature
increase and no deleterious effects when neutral injection increases the energy

input to the plasma by about 25%. This represents a promising beginning to the ORMAK

injection program.
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KINK INSTABILITIES IN ARBITRARY CROSS-SECTION PLASMAS

J. P, Freidberg, F. A. Haasf B. M. Marder
Los Alamos Scientific Laboratory
University of California

Los Alamos, New Mexico 87544

A numerical method has been developed and tested to study the magneto-
hydrodynamic stability to kink modes of plasmas with arbitrary cross section.
By using a variation of Green's third formula the necessity of solving
Laplace's equation in a region is eliminated.

Consider an arbitrary cross section parameterized by
r = a[l + n(s)] 8 = 0(s)

where s is arc-length along the curve. Let k(s) be the curvature. The

plasma displacement is expressed as
E(s,z) = exp(ikz) § n exp(2n ims/L) .

L 1s the length of the curve. &W is a quadratic expression in £ and is com-

prised of three parts, &W = SH + GH + aw where

f;alz (s) ds
r[ wdS

with a similar expression for swv.

On the surface

%% = B+VE-En~(n-VB) and Vzw = 0 in the plasma.
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¥ is also expressed as.exp(ikz) § g exp(2nims/L). Since %% is known on
the surface in terms of £ from the boundary condition we need only find a
relation between ¢ and £ on the surface. This is obtained from a medified

form of Green's third formula:
w(s) = ;1- f[lp(t) gn—t log R(s,t) - log R(s,t) %ﬁ{ﬂ]dt

where g"_t Is the normal derivative at arc-length t. R(s,t) is the distanc
between points s and t. Using this expression to eliminate the Yn's we
obtain 6W as a quadratic expression in the cn's and the growth rates are
obtained from the eigenvalues of the resulting symmetric matrix. ..

Various cross sections were examined with the following results:

1) No cross section was found to be more stable than the circular
one for straight systems. B '

2) For toroidal systems a "ra_ce.trac!%". cross section seems more
favorable than an elliptical one. :

3) The only importance which can be attached to the criterion q > 1
for stability is that q = 1 marks the stability transition for a circular
cross-section at B = 0, Thus, in light of 1, no cross section achieves

stability for g < 1.

"permanent address: The Culham Laboratory, AERE, Abingdon, Berks. ENGLAND.
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ENERGY CONTAINMENT IN THE WENDELSTEIN |l B STELLARATOR WITH OHMIC HEATING

G.Grieger, H. Hacker, G. Pacher, St. Rehker, H. Renner, H. Ringler, E.Wuersching

Max~-Planck-Institut fur Plasmaphysik, Garching bei Munchen, Federal Republic of Germany
EURATOM Association

Energy Confinement

Using an Zeff = 2 we plot on slide 5 the energy content of the plasma against ohmic heating
current. The external rotational transform is necrly{o = Q.1 for the 3 different values of
magnetic field. Similar results from URAGAN/6/ it would be possible to fit a straight line
to the relation between n T and heating current over our parameter range. But within ex-
perimental scatter all the data points also fit on the line BQ: 0.65, where the poloidal
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 B@ =0.65 at 4.0 cm ossuming all the poloidal field BG is
produced by a ring current as in a Tokamak. In comparison it follows that less power input is
necessary for a given energy content in the Wendelstein W Il b stellarator, as the heating
current is reduced in relation to the B@ supplied by the helical windings. The reduction is
730 A ot 4.5kG and 2 kA at 11.9kG.

We thus obtain Tokameak like behaviour in so far as @ constant BG results. However, a sub-
stantial difference appears in. that identical energy densities result at appreciably lower

heating currents. Unfortunately our OH current is limited to x< 0.5 caused by the before-
mentioned L = 2 stellarator effects, so the transition to the Tokamak line, where 4, <<x

is not included.

For 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 that for {/{‘
constant the plasma current is constant and that with increasing %74 the effect of external
rotational transform is reduced. The laser dots are calculated by averaging over the

temperature and density profiles. The other points are normalized on the basis of these laser
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measurements. On this plot a family of parallel lines may be drawn, whose position depends on

the ratio of %o total transform. At two such lines drawn for "/k.__,= 2.4 to 3 resp. can be

seen that the energy confinement is decreased at higher %4 values.
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 at T,= 0.1 is always above fh;ase, which

should be obtained in a Tokamak discharge af the same heating current.

Our future work will be on the particle confinement time. There are indications that T

should be higher than «:; /5/.

/6/ A.G. Diky et al., Nucl.Fusion Supp.1972, p.295, Conf.Pl.phys.Madison 1971
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RECENT RESULTS FROM THE GARCHING HIGH-BETA
STELLARATOR TORUS ISAR T 1 (Part II).

E.Fiinfer, M.Kaufmann, W.Lotz, J.Neuhauser, G.Schramm
Max-Planck-Institut fiir Plasmaphysik, Euratom Association,
Garching bei Miinchen, 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) Equilibrium: The theoretical equilibrium condition is

_ _ & »
T, 61[62(2—ﬁ)+ 60(3‘25)} - @ where “theory — .

a) p=1/r=2 - system: For f =~ 0.7 we needed for equilibrium
about Ep by ~ 2.0 £ 0.2'cm, f, ~ 0.28 £ 0.07, yielding an
experimental « ~ 1.5 + 0.4.

12,exp
b) r=1/r=2/P=0 - system: In this case we found for f =~ 0.7:
r 6, ~1.8*0.2cm §,~0.25%0.07, 5, ~ 0.07 £ 0.02

= Tl
and consequently a

2

120, exp
the motion of the centre of gravity of the plasma helix in

~ 1.6 * 0.5. As an illustration

the direction of toroidal drift x is shown in Fig.3 for
different a-values. The inward or outward drift of the
plasma for a« > 1.6 and a < 1.6 respectively is readily
seen. At early times (t < 2.5 ps) 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 slightly higher for eqguilibrium than theoretically predicted,

thus indicating a nonlinear effect.

2) Transverse drift: As stated in Part I (Section III,2) a drift

parallel to the main torus axis was observed. This was eli-
minated by a 15%-rotation of the £=1 helix. The corresponding
motion of the centre of gravity of the plasma helix parallel

to the main axis is shown in Fig.4.

A similar drift also occured for the pure £=1/¢=2-system,
where no z-modulation of the f=1 mirror currents is present
(main coil not corrugated). Thus, bending of the £=1 and
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3)

#=2-windings also yields a transverse force, which again
can be compensated by readjusting the phase between them.

Stability:

a) Short wavelength m=0, m=1, and m=2 modes are triggered
in the dynamic phase and are proved to be stable in agree-
ment with theory.

b) No fast growing long wavelength instabilities with m=>2
are found, in contrast to ideal MHD theory assuming a
sharp boundary.

¢) The plasma seems to be lost owing to a long wavelength
m=1 instability (wavelength at least 4 m) in gualitative
agreement with theory. This instability is to be sup-
pressed in future by wall stabilization working with a
low compression ratio.

‘J x[lcm]

jyleml

standard helical fields

G 7 T T T T Pl
L 7 ——— tlps]
(L=1) -windings rotated by 15°

Fig. 4
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FLUCTUATIONS AND CONTAINMENT OF PLASMA IN JIPP 1=3 STELLARATOR

T. Dodo, M. Fujiwara, K. Miyamoto and A. Ogata

Institute of Plasma 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. 1In
the following, a theoretical study is presented based on the fluid
dynamical description and the slab model of the plasma cylinder.

Zero order quantities are the density gradient VnD = dno/dx =

—Kng, the static electric field EO directed to the density gradient,
the electron drift velocity Véa) = {0, ED/BD + KTe/eBU, 0), and the

ion drift velocity with the finite Larmor radius effect Vio) = (0,
(1 - G)EO/BO - KTi/eBO, 0). The equation of motion of

the ions includes the ion perpendicular viscosity, and that of ele-
ctrons includes the electron-ion collision in the parallel motion.

The dispersion relation thus obtained is

P | -1 . -1 : g
{moi(l + b) + it THE T - dw) /e - iwge) = Wi + Abwg + it " = 0

where Wy =W - kL(l - GJEG/BO, Wog = @ ~ k EO/BO,

Wy = kLKTE/eBD, t 1. b%Jii/q’\’iiwis the ion-ion collision frequency,

e 2 o D
b = kp i/2, t, = k"Te/m v

: it A= Te/Ti, k, and k, are the perpendic-

ular and parallel wave number, respectively.
When t, << t, and (growth rate) << (bt")_l, the real part of the

frequency W, and the growth rate y are obtained from the above dis-

persion relation as:
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I K (L~ G)EO/B0 + w,/{1 + b(1 + 1)},
. buy (L+M(L+b) , ,1 k, (Ey/Bg)
L e T I ER A T B R
{1 + b(1 + A)} *
" (1L + A) t—l
I +b(l + 1)
In the present experiment, b = 0.1, A = 10, 6 = 1/2, k; = 2/3
cmil, the rotation verocity EO/BU' the electron drift velocity KTe/eBO,

the parallel transit time of the electron t,, and the damping time by

4

the ion viscosity t, are about 6 x 104 cm/sec, 6 x 10° cm/sec, 3 x

=3 sec, and 102 sec respectively. The growth rate y obtained from

10
the above parameters has the same order of magnitude as the frequency
w.ly = (mr/4)). This result 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 electric potential $ is

-1 :
ty o = iy, o}
-1 ¢ o
t - i(w - kLEO/BOJ e

"

c?|se
1

In the experiment, t:l = w, and w - kLEO/BO = 0, therefore, the phase
difference between n and w is near to m/4. This large phase differ-
ence explains the observed rapid loss of the plasma during this insta-

bility.

339




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

§1. 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;5 shows the dependence of T on the
ratio of £=2 helical coil current Ih2 to the current It of toroidal
coil while the toroidal field is l.? kG(3.8 GHZ}. When the 2=3 stella-
rator field is supperposed, the shear is introduced. Increasing the

shear, the structure of resonant losses of 1 - Ihz/It curves becomes

gradually weak. The other curves of Fig.5 show the dependence of T on

Ihz/It‘ while the ratio of the 2=3 helical coil current I3 to I, is
kept to be 0.5, 1.0 and 1.5. The rotational transform angle | divided
3 2

by 27 is approximately expressed by 4 = 0.27(Ih2/1t)2 + 6 x 10 7 r
(Ihz/It}2 with 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(d{/dr) (a/R) ~ At(a/R) becomes larger

than 0.06(a/R).

§2. Density distributions in The Rational and Non Rational Cases.
The density distributions of afterglow plasma are measured by a
movable probe in a rational case near { ~ 1/2 and a non-rational case
just above 4 v 1/2. As is expected, indication of convective motion
is observed in the density distribution of the rational case and the

convective cells persist to exist for long period.
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Fig.5 The dependence of confinement time 1 on the ratio of Ih2 to It’

while the ratio of Ih3 to Ih2 is kept to be 0, 0.5, 1.0 and 1.5.
nir.e)

1=10ms

off the ECRH power in the rational case (left-hand side Ih2/It = 1:37;

4 ~ 1/2) and non-rational case (right~hand side, Ihz/It = 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-1 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 investiéate the heating mechanism, we measured ion
temperature by Doppler broadening, etc. At the localized heating
region (close to ECR surface), we observed a typical frequency decay
spectrum? Figure 1 shows the ion heating rate measured by the

ATi/At) shows a

Doppler broadening technique. The heating rate (
threshold power level of 0.7 - lKW. The increase of ion temperature
during the heating pulse is compared with numerical 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.
l'K. Chen et al in this conference
Coassicat oucr
T 0
2'M. Okabayashi et al MATT-992 Princeton University T e
Fig. 1
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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 initially localized electron heat source.
By applying a 100usec heating pulse, at the resonance region
(x-Ocm), the ion saturation current (Is) increased immediately.
.However, outside the resonance zone, X=0.5cm, X=1.0cm, the raise
time of ion saturation current is gradually delayed. This indicates
that heat localized initially at X=0cm is diffusing out.

In Fig. 3 the propagation of the front edge of electron
temperature profile at different time points is plotted. The

3

thermal conductivity is K ~ 2X10 cm2/sec. This value is slightly

higher than the particle diffusion coefficient D.

This work was supported by U. S. Atomic Energy Commission Contract

AT(11-1)-3073.
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Turbulent Diffusion Coefficients of Toroidal Plasmas

o

S, Yoshikawa

Department of Physics, University of Tokyo

Bunkyo=ku, Tokyo 113, Japan

In spite of progress in understanding the classical

152 there exist

diffusion processes of toroidal plasmas,
yet definite discrepancies between the observed plasma
confinement times and theoretical values calculated from
classical processes.3'li The phenomenological scaling

laws for plasma confinement using both the Bohm 1aw5

and the pseudoclassical diffusion coefficientss’7 appear
to describe reasonably well the observed conflnement
times in the wide range of parameters (100 usec to 3
seconds) in a variety of toroidal confinement devices
such as stellarators, tokamaks, and multipoles.8 Yet as

- -3/2
the parameter y = nB + Te 3/ decreases, there appears



to be some discrepancy from the pseudoscaling law in
Princeton spherator experiments.g Similar discrepanciles
were noted in octupolesl0 (although, in this case, the
classical theory appears to apply in some range) and
tokamaksq as the density, n, hence Yy, decreases.

We shall try to present another version of the
derivation of the pseudoclassical diffusion coefficilents
which makes the relation wiﬁh 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 1s well known, the diffusion coefficient due to

fluctuations can be expressed as

-—D(P”o)r < <V‘I 3>mr
) B

o)

u)

where the tilda indicates the fluctuating quantity
either in time or in space, or both. Assumling that the
potential fluctuation and the density fluctuation have
the phase difference a and assuming that the magnitude
of density fluctuatlon and potential fluctuation have

the drift-wave-1ike relation

-'M:: _ej: | )

M RTe

we get

D - lﬁgal % “N"




Alternatively we can note that the diffusion coeffilcient

should be a function of the dissipation due to current
1d

in the plasma. The electric current due to the

fluctuations can be expressed as

il

'j:l ( (3)) g‘,’ﬁzﬂ) II_\%r(dJl 4 )

m Ve

1f the fluctuation level is small compared with |al,
where v, is the collision frequency.
Then the diffusion coefficient may be estimated as

(we is the electron cyclotron frequency)

e W ' 7 TR
D - gl___( LQL l lﬂ- LF, St (f)
€8 N 1+ Trm)" ne 2
Equating Eqs. (3) and (5), we arrive at
od _ (i Tl Y,
2tem = = , ]aﬁg)_— € )
gu 0|,1 UJC.
For o small,
L Py 1\t "
h i'f:ln)_:)_’ft,uﬁﬁ_ ﬁEﬁl[ 3
g T/ w e | k| B* 2 e LY
i . & |

This is 1ldentical to the expression for the pseudo-

classical diffusion coefficient 1f-%—(1 +_%£)2
e
replaced by unity.

R e

R s . i




If a Becomes too small so that o 1s less than
|n/ny|, the above derivation is no longer valid. Thus,
under that circumstance, we may expect that the diffusion

coefficient exceeds the pseudo-classical diffusion.
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THE FIRSTEXPERIMENTAL RESULTS IN FINGER RING TOKAMAK
(Supplement to paper 1.7.4)
A.V, Bortnikov, Yu.T.Baiborodov, W,N.Brevnov,
Vo, GeZhukovekii, LeE.Zakharov, D.V,Orlinskii,

V.I.Pergament, M.Ke.Romanovakii, N.I.Sokolov,
A.m. UB‘

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

The experimenial results presented below have been obtained af-
ter vacuum training of the machine, The initial pressure p°-10'7torr.

As judged from the discharge current oscillograms there are two
modes of operation: a) small current regime J<12 ka, and b) large
current regime J >12 ka,

The former regime oscillograms do not show eny oscillations,
the discharge ourrent time is determined by the skin time of the cop=-
per shell (Fige2 /1/)s The current channel centre is located near

the geomeirical centre., The temperature T, calculated from the con-
ductivity is 20 - 40 evl fr=oKee I, i 1 B~ 4 ke
The latter re- m gm
glme is characterized I, xﬁ [lﬂi'?kf
by spikes. The current .i : &
spikes are accompanied "l\*
21 v

Br={0kde

..Q.

by bursts of emission
H end impurity lines,

broadening of light re- %{l Jffa‘ff I Lea s g,igm#:“
gion in the vertical )

derection (Figel)s Ma- em| u &

gnetic probe oscilla=- % [y

p =540 torx
tions ( B¢ ) in the Y= $Bchidl 1 23 4lmsexc | asmds ..
symmetry plame are in Fige 1.
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counterphase 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 ean
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 R (to the outside from the geometrical centre of the
device by the value<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 it 1s possible to conclude that before a spike
the plasma column displaces to the outside, increases lr and dec=-
reases 13, i.e. the column shape becomes more circular., At spike
the plasma column enongetes. Thus, at large currents the shape of
the plasma cross section is observed to vary.

The aversged distribution B is in satisfactory agreement with

theoretical calculations. (Fig.2) /2/.
The longitudinal fi-

eld slightly influences the J.Té"d units]
discharge at J »12 ka., Ho= :‘g /’;‘5
wever, at J=12 ka as By E_, i "

increases the spikes are // ""‘
/.é@h

suppressed., (Fig.1). If

the expression for q is

taken from Ref., /3/ for
% =2, By =10kOe

and J=14 ka condition

9 ¢ 345 18 satisfied

for the first regime,

while q35for the se- Flg.2.

cond regime,
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EQUILIBRIUM ROTATION OF A TOKAMAK DURING NEUTRAL INJECTION

E. Canobbio and 0. De Barbieri

Association EURATOM-CEA
Département de Physique du Plasma et de la Fusion Contrdlée
Centre d'Etudes Nucléaires
B.P.85 — 38041 - GRENOBLE (France)

ERRATA

1) Section 1, line 6 : neglect "the slowing=-down and".
2) The R.H.S. of Eq. (1) should read :
B,8<i >/ (1+0(r/R))
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Add endum to: |
The Simulation of Classical Toroidal Plasmas in the Plane.
D. E. Potter & G. H. Tuttle.

Preliminary Solutions in the Tokamak Regime
Solutions illustrating qualitatively the formation and
structure of the pinch in the Tokamak configuration are

included in Figures 1-5. The main feature briefly shown is the

effect of varying g %WP/Wb where Wp'is the total energy

pol
of the plasma and Wy is the total poloidal magnetic energy. The
pol .02, 2.1, 15 are
shown in Figures 1, 2, and 3'r95pectively, for an aspect ratio
of the torus of 3. It is clear that in the limit of BpOl" O

the assumption of shifted near-circular field surfaces is an

field structure for the three cases g

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 surfaces for ﬂpol = 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 field surfaces changes the topology and produces a

FIELD LINE FIELD LINE 1

4.92e-01 4.EQE.D0

o -

Fig.l. Equilibrium magnetia Fig.2. Equilibrium magnetie
fleld surfaces for g °1=0.02. field surfaces for
P intermediate BP°1=2-1
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double magnetic axis.

Subsequent to Figure 3d, a neutral 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 neutrals are

used to heat the plasma.

The mechanism illustrated in Figures

4,5,6 also suggesis the manner by which the pinch is initially

created.

sound spneed.
FIELD LINE

0.

L!l'b‘lﬂ'ﬂ LETR ]
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™~ —
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surfaces are produced (d).
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POTENTIAL

1. 19€+00

ComTee miGATs

S St o
Fig.4. Contours of the stream
function showing the dipole
flow structure creating the
fields of Fig.3d.

T, 1Y

~A EIme dependant solution for 8

FIELD LINE

1.15E+00

The flow occurs on a timescale na/vs where a is the

minor radius, K is the aspect ratio of the torus and v_ is the

FI1ELD LINE

1-19E+00

QU I ATRTRN

Resistive cﬁg%

CURRENT

1.18E+00

TIEL. (L.

Fig. 5.
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frbitrarily Shaped Resistive Tokamak Equilibria

B.J. Green, K.U. v. Hagenow, H.P. Zehrfeld

Max-Planck-Institut flir Plasmaphysik, 8046 Garching, FRG
Supplement

e present here more results for the case of a torus with square
cross-section and T + qP = 0. Fig.4 shows the functional depen-
dence of 13IJ on inverse aspect-ratio. The large variatiog of B
in the case where p is assumed a linear function of poloidal
magnetic flux, is to be contrasted

B
i [ ] / with the small variation in the case

P I ﬁ-g?g?a / where p is determined by ring voltage,
3 mass sources and toroidicity.

Q The rzdial profiles, in the equatorial
plane, of current density and rotatio-

nal transform are shown in figs.5 and

6. In the case of current density (fig.

5) the curves have been normalised to

9 & / A

. their maximum values. In fact, the com-
ig. 4 *

) parison is made for constant total cur-
rent. Here one can clearly see the effect of toroidal curvature on
the current distribution. Indeed, for smaller aspect ratios a skin
effect is evident. .

The curves of rotational transforg (normalised to their maximum va-
lues) further illustrate the significant influence of toroidicity,
in that the regions of shear and the vulue of the shear itself vary
appreciably with aspect ratio. At present we are obtaining results
for other plasma cross-sections and will proceed to treat other
situations (dia or paramagnetiP).

Current Density Rolational Transform

I VA =0

1A =03 i

a=07

Fig.5
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MHD TOKAMAK EQUILIBRIA IN PRESENCE
OF WEAK DEVIATIONS FROM
AXISYMMETRY

C. Lo Surdo and A, Sestero

Laboratori Gas Ionizzati (Associazione EURATOM-CNEN) ,C.P. 65
00044 Frascati, Rome, Italy.

With reference to the MHD equations of static equili-

‘J%=_Q"B ’ \Y% xB=3, ‘7'£3=: 0, (1)

it is known that the only exact solutions which represent confined
toroidal plasmas are either (a) gymmetric with respect to an axis

or (b) symmetric with respect to a plane (see, e.g., / 1 /). In prac
tice, however, a high degree of symmetry is difficult to achieve in
real containﬁent devices; one is thus led to investigate possible
approximate solutions of Egs. (1). To this end; an asymptotic expan
sion scheme has been set up in / 2 /, which is appropriate to deal
with weak deviations from axisymmetry in the Tokamak configuration,
and solutions have been worked out to the lowest significant order
in the expansion parameter.

Inasmuch the confirement times experimentally observed
are much longer than typical HED times, however, the existence of a
solution to the lowest significant order is not enough. One ought
to be able tc show that the'equilibrium equations can be satisfied
to at least a few more orders, or possibly to all orders. Indeed,
any "imbalance" in the eguilibrium equations is presumably to be coun
terbalanced by non-equilibrium terms, contalning time derivatives:
hence the larger is the imbalance, the “faster would be the decay of
the configuration.

In this paper we therefore consider the problem of the
exlistence of the solution in the higher orders, with reference to
the expansion introduced in / 2 /. The latter is defined essentially
by the following ordering assumptions in the small dimensionless pa

rameter € : _ . o _ &
B, : B, : B J; - J% 1) PP : 2)
ermd ¥ f L€ e i ¢ €«

Here the bar denotes the axisymmetric part, and the tilda the remain
ing part, of a given guantity, and the subscripts T and P denote the
toroidal and poloidal components, respectively, of a given vector.
The assumptions (2) are not all independent, because of Egs. (1), but
it can be easily seen that they are all consistent with each other,
if one assumes, as we do, that the aspect ratio is finite. In this
scheme the "p" of the plasma is of the order of €?, and the fami-
liar guantity "g" is formally large, of the order of €1, both this
quantities being defined in termg of Lhe axisymmetric part of the




equilibrium. |
By taking into account the assumptions (2), from Egs. (1) one |

obtains the equations to the various orders in € , To the lowest si }

gnificant order the equations have been solved in / 2 /. In the next |

order, for the existence of the solution we derive two compatibility

conditions:

,.,, ~(o dp 2 :?Ta =
95(11’{ [V(r‘ (,,,V'f'm/d\? @ B(F’* deV‘P() F ]_3(%’) o, (%)

n ~(0) dP (7 e e
Séctrl l:v(r _%un/d (D;BP”IS&’ T ?1 - |

+V’~PM'E /d&r'E“ - U ’{)m) = B

Hers2 and in the following, r is the distance from the axis of symme
try; ¥ is the angle coordinate in the toroidal direction; y)m

is the poloidal flux function associated with B ‘2’ (the true flux
being 27Ty ®); the superscripts (n.) mean that the corresponding
quantitics are of the order of €™ (n = - 1,0,1,2,....); the symbol
oL denotes the operator 9°/dx® +C‘)l/r3" = P ‘9/3 v, where z is the height
above the equatorial plane; finally, 7 is a cyclic coordinate, or-
thogonal to the coordinates g and Y(D)’ and defined essentially by

the relation
3
()
oG N

where e, 1is the unit vector in the ¢y direction.

tVe recall that the axisymmetric theory of Egs. (1) leaves
room for two arbitrary functions, P(‘r’) nd I(y), where I:fB..f . Si-
milarly in our case p® (¥*) and TW(y® ) are left arbitrary
in the lowest order theory. One might ask whether Egs. (3) and (4),
plus the 1owest-—order equilibrium condition

= guf" V‘Ptﬂ-v,

= co&.‘t; ?{a); c_as;t NS

s g T :
@, 2 &p® - o
Ly ¥ dy®@ + d‘i"m s (6)
interpreted as equations for 'Wm F’ and I'('” ; could eventually

lead to their determination. This poses an interesting but very dif
ficult mathematical problem, beset by complicated nonlinearities.
From the physical point of view, on the other hand, we cannot igno-
re that other independent equations for p(y)and I(¥)can be obtained
by suitably enlarging the set of Egs. (1) (to include, for instance,
a conductivity law, as well as other transport features). As a nat
ter of fact, the experimental evicdence is all in favor of P“HL <)y
and T'7(¥®’) being determined by the transport eguations, and Egs.
(3), (4) do not seem in general to ke satisfied. From what hac been
previously said, therefore, one ig lecd to the conclusicn that the
Egs. (1) of static, scalar-pressure HHD eqguilibriun zre inadeguate
to account for long confinement times, if the deviations from axisym
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metry are as large as prescribed by relations (2). A more flexible
set of equations is presumably neeced.

By contrast, if the deviations from axisymmetry are weake-
ned by one order in € (namely, if one takes B of the order of
€ , whence it follows that J and E are of the order of €7},
preliminary results seem to indicate that a solution of Egs. (1)
can exist to all orders in the expansion scheme, essentially becau
se in the higher orders there seems to be more freedom to satisfy
the various compatibility conditions that are derived. In this
case, it 1s probably fair to accept Egs. (1) as an adequate model
for the description of the equilibrium.
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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.

ASSOCTATION EURATOM-CEA
Département de Physique du PLasma et de £a Fusion Contrdfie
Service IGn - Centne d'Etudes Nucléairnes
B.P.85 - Centne de Tl - 38041
GRENOBLE CEDEX (France)

In order to check the results of ion temperature measurements obtained by
neutral analysis, an optical method has been used : ion temperature is evaluated
by the Doppler broadening of the 4686 ; line of He+ which is introduced into the
plasma source. The light is analysed by means of a Fabry-Perot interferential
disperser and a multichannel digital spectrometer.

Unfortunately, cold plasma creation and injection with a helium-hydrogen
mixture are less efficient and less reproductible than with pure hydrogen.
Consequently the accumulated densities are lower by a factor 2 to 4 and moreover
the errors due to bad reproductibility are to be added to the intrinsic errors of
the diagnostics.

The experimental parameters are the following : repetition rate = 2Hz -

Injection time : 10 ms - Heating time : 10 ms -Basic pressure : 1’4.10-B torr =

7

Operating pressure ~10" ' torr = B = 2600 Gauss-(B_‘jnj ) = 2.6 - Gaz mixture =

wall
50% H,-50ZHe - The injected densities ranges between £.10 and lOlle/cmB.

We have tried to measure the diameter of the plasma by the angular analysis of
the perpendicular emission of neutral by the plasma. We used a Faraday cage with a
secondary 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
a e/cﬁg. After the R.F.
switch off, the first characteristic decay time of nd varies between 3 and 4 ms

by Zebra-stripe interferometry is of the order of 2.10

and the second one between 20 and 60 ms. Due to the bad reproductibility of
injection, it is not possible to study the effect of the RF power on nd.
The variation of the diamagnetism B with the RF power is indicated on fig I.

l. The first decay

The corresponding (3 factor ranges between ln.l(.'!_2 and 1.02 10~
time of diamagnetism is 5.5 ms and the second one varies between 35 and 50 ms.

The electron temperature evaluated by X rays analysis is plotted on fig 1.




The measure is done after the end of the heating pulse to avoid radiation from the
walls, For the same reason, we measured only the second characteristic time of the
X radiation which is 24 ms.

The potential well depth cannot be measured during the heating time because the
important signal probably due to the axial hot electrons coming from source. After
the RF switch off, the value of the well depth is deduced from the half amplitude
of the cold electron current collected by the analyser. This value is slowly
decreasing and varies from-35V to-10V in 40 ms. Ignoring the exact place where
these electrons are created, it is quite difficult to deduce the absolute value of
the well depth from this measurement.

We reported on fig | the variation of the.H+ ion temperature evaluated from neutral
energy analysis. This temperature does not seem to vary during the plasma decay.
The first characteristic time 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,lwhich are not yet identified, on each side of the
broadened He+ line. In 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. Long*, A.A, Newton, B.A. Norton®
D.C. Robinson, A.J.L. Verhage, H.A.B. Bodin

% AWRE, Aldermaston, Berkshire, t Oxford Polytechnic
+ Royal Holloway College.

In this supplementary paper the observations on the emission of hard x-rays [1]

fromstable pinch discharges, which will be presented in the talk, are summarised.

X¥-rays with energies up to 1-2 MeV are observed to be emitted from stable
reversed field discharges and from "qtabili#ed“ pinches provided stability is
maintained, The energy was estimated from an absorption method and extended
down to the limit of detection with the présent arrangement of some tens of keV.
This phenomenon differs from the more usual x-rayremission from runaway electrons
in that the angular distribution of the x-rays indicates that the motion of the
fast electrons as they escape from the plasma and hit the walls is primarily in

the azimuthal (6) plane. This is shown in Fig.l.

Fig.2 shows an oscillogram of the gas current and hard x-ray emission.
In almost all conditions the emission begins at about &.0-4.4 psec from the
start of the current pulse with half width typically 2 psec. The onset time and
pulse length are independent of the shape or amplitude of the current pulse,
but the x-ray pulse shape does vary with conditions. Hard x-rays are only
emitted in stable conditions and any instability before ~ 4 psec reduces the
hard x-ray yield to less than 2% of its original value, The yield induced by
inserting a probe into the plasma comes earlier and is of lower emergy, indica-
ting th;t 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 Ez “and E_, and the eleetric

L
fields, deduced from magnetic probe measurements in~aimi2ar conditions are
& 10-30 V/em, which can cause runaway and acceleration to MeV in a few usec.

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 Cﬂﬁo source of known activity. Therfast
electron flux is about 2 x 108 cm-z 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 electron energy may be an order of magnitude greater

than that of the energetic (> 200 keV) component.




Correction: In the main paper the density scale in Fig.2 is incorrect; the scale
should be multiplied 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 psec.

Reference
[1] Volkov, Ya.F., Tolok, V.T., Sinelnikov, K.D. Zh. Tekh. Fiz. vol.32, p.811, .
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ASPECTS OF DYNAMIC STABILIZATION OF HIGH-BETA PLASMAS
(Part II)
0.Gruber, G.Becker, H.Herold

Max-Planck-Institut fiir Plasmaphysik, Euratom Association,
Garching bei Miinchen, FRG.

Parametric excitation of m=0, k=0 oscillations by ﬁz(Fig.lj

For the resonant case M =ty an example of the parametric e%i_
tation of m=0, k=0 oscillations by homogeneous oscillating B,
is discussed (stPart I, 3} The enforced m=0 oscillation of the
plasma is evident on the smear picture and on the diamagnetic
signal. The signals show a 90° phase shift between driving
field Ez and plasma oscillation in agreement with the results
for ¢ and § obtained by solving the equation of motion (Part I,3).
After some periods an a value of about 2 is found. The damping
losses of the HF field, which heat the dense plasma,were deter-
mined by comparing the Ez vacuum field (dotted curve) and the

B -field for © = .

Dynamic equilibrium of a toroidal Theta Pinch Sector

In a new series of experiments standing wave magnetic fields [3]
have been applied to a toroidal theta-pinch sector in order to
study dynamic toroidal equilibrium. Theoretical papers [5] pre
dict a dynamic equilibrium if the following condition

1+y2 2 2 B
3 hTETE xR (7)
T
is fulfilled, where h = %ﬂ— is the wave number of the standing
T
wave, § = ;E— is the ampEitude of the plasma oscillation in

the bump of Ehe wave, Y is nearly a constant equal to 2 and A

is the toroidal shift of the plasma to equilibrium position.

The experiments were carried out in two versions. In the 1lst
experiment the standing wave magnetic field (xB=29 cm) was super-
imposed to a 175 cm long torus sector with Ry = 400 cm, r, = 5,5 cm
and Bz = 18 }g. T?e plasma parameters are: Te=Ti~ 60 evV; ne(on
axis) =~ 2x10" cm “; B = 0.3. In the bumps of the standing wave

an amplitude of the plasma oscillation § up to 0.1 is obtained
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(h=0.8 « g; c.Part I). In the 2nd experiment the 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 this case the plasma temperature
is only 30 eV and » amounts to 0.15. In both experiments the
angular freqguency w, of the standing wave was 5.5x1065_1,
which is sufficiently large to satisfy the additional con-
ditions: 1D>> %1 and ms>> th,
needs to drift to the wall and va is the Alfven speed in the

where 7 is the time the plasma

plasma.

According to eg.(7) an equilibrium at A=l cm should be achieved
for the above parameters and a plasma amplitude 6 =0.08. In the
2nd experiment § was twice as large as this theoretical value,
but the plasma drift to the wall was not affected. A dynamic
equilibrium could 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 fields 731. In our opinion the theoretical model is too
much idealized because it is based on linearized MHD eguations

and therefore neglects direct

coupling of the modes that is 6, h0) - 9a50"
found experimentally with N T‘\ﬁ__"‘____
the B, -stabilization method
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THE TOROIDAL 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. Phillips
Los Alamos Scientific Laboratory, University of California
Los Alamos, New Mexico 87544 U.S.A.

The ZT-1 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 slow 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 nm long and 2 mm in diameter, was viewed at
90 degrees from the incident laser beam. The scattered 1ight detector had
four channels located at 65 3 intervals. 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 psec 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, depending on the time of the measurement. The
density, typically 3 x 10]5 cm'3, obtained by comparison with Raleigh scattering
in nitrogen, is as expected from compreésion 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 solid 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
be symmetric about the laser line at 6943 ﬂ. It should be noted that « is
much smaller than one in this experiment.

s

The wave number and frequency of the double humped feature shown in
Fig. 2 coincides with the dispersion relation of Bohm-Gross modes, assuming
an electron 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.
orders of magnitude lower in frequency.

for times ranging from 0.75 psec to 5 psec in the discharge.

Ion oscillations or waves are

The distorted spectrum is observed

Since the

Landau damping of these waves is large a strong driving mechanism would

have to be present.
in the plasma.

There is experimental evidence for runaway electrons

Fig. 1 Scattered spectrum

at 4.8 psec after

initiation of the
discharge. Electron
temperature in eV.
STow mode.
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INJECTION OF FLASMA INTO A THETA-PINCH MAGNETIC FIELD

Yu.V.Skvortzov, V.G.Solovyeva, V.M.Strunnikov,
V.N.Lyashenko, S.S.Tserevitinov.

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

Abstract. The motion of deuterium plasma (4 ~ 1) in into longi-
tudinal magnetic field is studied, Plasma transmission of the mirror
field and nT increase due to plasma reflection are estimated.

Adisbatic compression of plasma by the moving metallic liner is
& problem which attracts new attention as a way to dchieve controlled
fusion. In +this case the fimal plésma characteristics should be de-
teremined by the initial temperature To and density n, as well as by
the degree of liner compression. The Lawson criterion is satisfied
at n=5. 1015cm'3 and To =504100 ev for an eguel constituent deu-
terium - tritium mixture /1/. The total quantity of N is assumed
to be 5. 10 22 in a liner 10 m long and 80 cm in diameter.

The parameters of plasma flows produced by modern electrodinamic
accelerators are rather close fo those required with respect to N
and T. Thus, N35.1021 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 ©-pinch magnetic field still has
to be investigated in more detail.

We have continued our studies of the motion of nonmagnetized
highly ionized plasma blobs in longitudinal magnetic fields and
investigated the mirror-plasme 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-
perates $o several blobs during its flight. The velocity of the

frontal blob is 4.107 cm.sec™ ], The plesma diameter can be control-
led by chosing a proper value of the magnetic guide field B « At
By=2 kG, the pressures BS/87 and mnkT were equal for a blob 5 cm in

dlame;er. In this case the blob was 100 cm long, the density being
2,103 | me 22545 ev.
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The schematic drawing of the experimental device 1s shown in
Fige1. 7500w

= = mm rer epoe  te b e———
) s

Fige1s Schematic drawing of the device: 1-injector, 2-steel,
?-glass tube, 4-liner [the thickness-‘mm), 5—d1amagnetic
coll, 6~(B_)-coil, 7-diagnostic cube, 8-guiding field
Bo-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 diesmagnetic loops, Mach-Zender interferometer with a streak
camera and laser lighter, as well as two monochromators 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 is removed from the walls (the glass tube of the plasma pipe
is 15 em in diameter) while the blob symmetry axis does not always
coinsides with the chamber axis.

Plasma injected int¢ 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 as 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 B =2 kG, the above
plasma parameters and blob geometry the diffusion rate is 3. 10 Chme
.85eC % while the field penetrates into the blob in about 10~ *sece.
After this period of time the blob should be at a distance of 40 m
from the gun (v=4.ﬂ07 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 %=as 150cm. A contaminated plaesma enters the region

of the barrier field B+1Qﬂe after the main blob, and consequently,
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Fig.2. Field dis-
tribution inside the
liper in presence of
the frontal plasma
blob:1=-liner, 2-cham-
ber wall, 3-the axis
of the chsmber, 4-the
axis of the blob,
5~ 4 B-probe measured
field, 6-distribution
at 97 cm from the gun,
7-distribution at 200
cm from the gun.

can not influence the interaction between the-
magnetic field and the frontal blob. The inter-
ruption of the UHF (A =4mm) 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 crosg§ 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 sfage.
This involves determination of the mirror
field tramsmittance for ap ~1 plasma and
nT increases by the blobe reflection.

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 i1t 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
Bjay=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 noT sharply increases in a region 10 cm
from the coil plane B, Shock heating cannot occur in this case,
because the ion free-path length calculated fron longitudinal velo-
city i1s many times greater than the blob dimension. 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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appear in their signals and nT doubles) and by an interferometer

(as the particle flow density doubles). An increase in nT solely due
to the counter-streaming is observed in 70% of the events. In the
other cases nT 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 is, 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 (U.I.A.),
Universiteitsplein 1, B-2610 Wilrijk. Belgium.

**Seminarie voor Wiskundige Natuurkunde, Rijksuniversiteit
Gent, Krijgslaan 271, B-9000 Gent. Belgium.

Abstract. The mhd theory for a simple plasma column pervaded by a homo-
geneous magnetic field and surrounded by a force—free field which in turn
may be swrrounded by a concentric metallic boundary is derived to second
order in the perturbation amplitide. ;

1. INTRODUCTION. The method for studying perturbations of fi-
nite amplitude investigated extensively by one of us for liquid,
plasma and gravitational cylinders [1]-[5] is exposed here for

a fairly simple pinch. The aim is to investigate the non-linear
behaviour, to look for the influence on the stability criteria,
to set limits on the domain of validity of the linearized theory
and to have a guiding model for the study of dynamic stabiliza-
tion.

The present extension is an important one for several reasons.
(a) Experimental. There are indications at various laboratories
(Jutphaas , Culham, Garching) that currents do flow in the pres-
sureless region surrounding the pinched plasma.

(b) Theoretieal .

(i) Force-free fields are the most general equilibrium field pos-
sible in a pressureless region.

(ii) There are several arguments in favour of force-free fields
with constant a (= current-to-field ratio) in view of properties
of equilibrium,stability and evolution (due to resistive decay).
(iii) A more involved pinch case which can be solved analytically
when surrounded by a vacuum field can also be solved analytically
when surrounded by a force-free field, as well linearly as non-
linearly. This is due to the fact that the perturbations of the
force-free field in a pressureless region can be obtained for all
orders; they do not involve non-linearity (of hydrodynamic origin);
they are related to the plasma terms (having non-linearity) through
the boundary conditions only. '

2. MODEL. At equilibrium the plasma column is an infinitely long
cylinder of circular cross-section (radius Rz). A concentric me-
tallic cylinder of arbitrary radius qR, may be present (q>1). The
plasma is homogeneous, incompressible and has isotropic pressure
and zero resistivity. The equilibrium magnetic field in the plas-
ma is homogeneous and parallel to the axis (z-axis) of the cylin-
der: HIM = H_ (o,0,1). If the surrounding region is pressureless,
the most general field possible is a force-free one: div H®X = o,
curl H®X = ¢ H®X., We take o constant, several arguments favouring
this case.
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It can be shown, either directly or from the general solution,
that if cylinder and rotational symmetry are required, then

the only solution is the generalized Lundqvist field:

HeX = HI_(0,Z4(ar),Z,(ar)) with Z, (=aJ4+bYy) and Z,(=aJ_ +bY,)
being the Bessel functions of first and zero order respecti-

velx (a and b are constants). Alternatively requiring that

Hy®* (r,®p,z) vanishes (and it has to vanish at least at R, and

at q R,, and if pinching occurred even at a continuous range

for r), we obtain again as only solution the generalized Lundqvist
field.

3. METHOD.

(a) Hierarchy of higher order systems. At the surface the first order
perturbation is taken as R, e cos kz. Heree =g expot is the
relative (i.e. divided by R ) amplitude at any time and e, is

the relative amplitude at time t=o.c is the growth rate or /-1
times the oscillation frequency and will be determined by the
dispersion relation as a function of P (the density), R,,q,k’

and m (the longitudinal, respective%¥ a%iTuthal wave number),
Ho,a, a and b. It has been argued ),(3) that a series develop-
ment in e(instead of ineg, only) is very plausible. Experiments
have strongly confirmed this point of view. However this is not a
trivial expansion and has to be used in connection with item (b)
of the method. Through this development the time dependence is
completely taken into account, but the system is replaced by a

hierarchy of coupled systems. The indices o, 1, 2, ... are used
systematically for quantities of zeroth, first, second, ... order.
(b) Family of non-linear terms belonging to a single linear term. Every

term of the linear analysis generates sets of terms in the second,
third, ... order E.g. with cos kz cos my as a first order term
correspond terms proportional to cos 2;; cos Zmg, to cos Zmp,

to cos 2kz and a constant; with cos 2(kz + mp) correspond only
two second order terms; the number of related terms increases
with the order.

Just as a linear Fourieranalysis works with one term, now the
non-linear 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 to make a similar summation and add moreover interference terms.

(e) The perturbed fields are irrotational. It can be shown that the per-
turbed velocity and magnetic fields are irrotational at least to
second order in the perturbation amplitude if one of the first or-
der fields is a gradient. This is a great simplification. It has
to be pointed 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 importance of the argument presented under 1 (b)
(iii) becomes appearent.

4, RESULTS. The part of the theory related to the plasma cylinder
itself can be taken over integrally from ref. 3.
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It can be shown that the perturbed field in the force-
free region is again a force-free field with as curreént-
to-field ratio the same constant o as the equilibrium field
(exception: k = m = o).

(a) Linear theory. The dispersion relation reads

I‘“ (:(_f“+1) Z ¥

) ACARCERY) KR LR

L)) B 3 -
1 ﬂ‘-ﬁi‘z— [Km ) L (g0 “/\m(j"o] lm(‘oﬂ

3 1)
where .glA =‘#Jikk (Alfvén frequency)

f
k= kR, s ok
X, 'R(k o() 51="~(l‘ “’4)'

I "”I (1) +k Im(")‘.
K= K (el kK0
I @)= T, qoK0- K, oL,

with I, and K, the current notation for the modified Bessel
functions; tﬂe argument is kK if not indicated; similarly the
argument for Z, and Z7 is o Ro if not indicated.

A tremendous simplification occurs when kZ,+mZ;=o.
This means physically that the "phase'" of cos (mp+kz) is zero
(or constant) along the field lines on the interface
between the plasma and the pressureless region. In this case
the first order perturbed field in the pressureless region va-
nishes, making the dispersion relation, etc. independent of
q,Z, and Z_ (except through the relation kZ, + mZ; = o)
(b) ‘Second order theory. Corresponding to the first order displace-
ment /& = R_e cos (kz+my] we obtain

& = R, e*(- % + Ay cos 2 (kz + my))

with A a very complicated function of I_(2x), I1(2), I.(x),
Zq(aR, } Zo,(aR,), etc. The coefficient A; has singularities.
0bv1ously the finear theory is invalid there.

.
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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 criteria through o, the singularities may
change an oscillaticn into an instability.

Again the case kL,+mlZj = o yields a tremendous simpli-
fication and a strong disconnection between the plasma cy-
linder and the pressureless region; this can be further )
interpreted and exploited; however, the second order field
in the pressureless region deces not vanish in this case.

5. EXTENSIONS.

(a) Repilacing the generalized Lundqvist field by a force-

free field either of variable o or having constant a but

both ¢ and z dependence and a Hy component is possible but
cumbersome. '

(b) The extension for finite plasma resistivity is easily

-obtained by combining the present results with those of ref.4.

(c) In a similar way viscosity can be taken into account.

(d) Again the extension for_a magnetic field in the plasma

having the form Hu(o,o,T-arzj, with a a constant is easily

obtained by combining the present results with those of ref.5.

(e) Conpressibility was considered in ref. 7 (k = m = 0);

a general way of taking compressibility into.account is under

developnent.

(f) Including higher orders and interference is possible but

cumbersome.
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Supplement to:
PLASMA DYNAMICS AND CURRENT SHEATH SMRUCTURE Il
COLLISIONFREE THETA-PINCHES
by
K. Hbthker, K.J. Dietz, K.H. Dippel and E. Hintz
Institut fiilr Plasmaphysik der Kernforschungsanlage Jiilich GmbH

Association EURATOM-KFA
Jiilich/FRG

Previously measurements of ne(t), Te(t) and B (t) at r=8cn (and
r=6cm) have been reported and discussed. Meanwhile the same nea-

surements have been performed further away from the axis at r=12cm.

The impleoding current sheath passes through this position without
being intersected by the fast density pulse which is propapating
ahead of the piston at 2 u_ and which is reflected at the axis;
therefore a better investigation of the structure of the current
sheath is possible.

The results are in agreement with the proposed interpretation for
the previously observed density profiles (at r=8, r=6cm). The to-
tal number of particles in the first two density pulses (Fig. 1)
is conserved and the pulses do not disperse. Between r=12cm and
r=6cm the plasma encountered by the piston is trapped in the cur-
rent sheath.

A comparison of the amount of enerpy absorbed in the piston due
to the incoming and trapped plasma flow with the energy fain of
the electron gas shows that the latter accounts only for about
10% of the total absorbed energy. One must expect therefore that
the mean ion energy is larger than that of the electrons and this
raises the question whether the conditions for the onset of ion
sound instabilities are fulfilled throughout the sheath as it has
been proposed previously.

The effective electron-ion collision-frequency, obtained from
the energy balance equation on the assumptions that resistive
dissipation is the only source for an energy gain of the elec-
trons and that energy losses are negligible, is of the order of

u%i. This is in agreement with the value of ¥ derived from

the observed magnetic field diffusion rates /gff
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=8em (Fig. 4). It is noteworthy
that vdfcs tends asymptotically to a value vdfcs-:E, a limit

which was also found by Biskamp and Chodura /4/ in computer ex-
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periments on crossfield, current driven instabilities,

We can further report some prelirinary measurerients of microwave
emission by the plasma at the wavelenpths A = 3, 0.8, 0.l cm.
Strong microwave radiation was observed at l = 3cm at early times
and at \ = D0.8cm at later times; at A = O.lem there was no signal
at all. As shown in Fig. 6 there is pood indication that radiation
is enitted only at a frequency equal to that value of the plasra
frequency corresponding to the maximum electron density in the
piston.

Microwave emission at A = 3¢cn is observed when the sheath passes
at about r=16em. In Fig. 7 we show the 3Jcm-microwave signal and
the ﬁ sipnal at r=16cm as function of time; the similarity is re-
markable.

REFERENCE: /4/ D. Biskamp and R. Chodura, Proc. V. European Conf.
on Contr. Fusiorn and Plasma Phys., Grenoble 21.-25.
August 1972, Vol. I, p. 177
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Fig. 5: Drift velocity V4 and vd/cs as function of time (at r=12cm)
Fig. 6: Cut-off wavelength for N o in the piston as function of

time compared with the appearance of microwave emission at
A=z 3emand A = 0.8 em

Fig. 7: B at r=16cm and 3cm microwave intensity as function of time
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THE PRODUCTION OF WEAKLY COMPRESSED HIGH-BETA PLASMAS BY

SHOCK HEATING IN HIGH-VOLTAGE THETA PINCHES

M.Keilhacker, M.Kornherr, H.Niedermeyer, F.Stldner, K.-H.Steuer

Max-Planck-Institut fiir Plasmaphysik, Euratom Association
Garching bei Miinchen, F.R.G.

Since submission of paper No.2.32.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 electron density n, on
axis together with the neutron flux and the external magnetic
field B, (initial density 2 x 1013 cm-s). The density on axis
starts to rise when the magnetic piston is at about half the
tube radius (c. f. Fig. 2 of paper No.23.2in 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 seccnd maximum is clearly visible in the neutron
flux only) . For this time of first maximum compression Fig., 2
summarizes all the measured plasma guantities to give a rough

idea of the kind of plasma that can be expected after shock com-

14

pression. The density decreases from 4 x 10 t:m"3 on axis to

B x 1013 cm‘a 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 only 25 eV, which can be accounted for by adiabatic com-
pression, while at the plasma boundary with its steep magnetic
field gradients it is between 1 and 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 8 = 1 plasma core with radius

r =~ rO/B consisting of hot ions and cold electrons surrounded
by a low 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 profile. End-on framing camera pictures indicate
that the low density plasma forming the halo is caused by
Rayleigh-Taylor 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 stabilization has to be defined. If one
takes the radius at which g = 0.5 (p = (Be2 - B(r)z) 4 Bezl
then » =~ 1.8 results, while the position of the steep magnetic
field gradient would yield ® =~ 3.
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Fig. 1
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ION HEATING IN A STRONG MAGNETIC COMPRESSION WAVE

R.Chodura, B.R&thlein
Max-Planck-Institut Fiir Plasmaphysik, Euratom Association,

Garching bei Miinchen, 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 gainlof 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 t and tD "
where t_ is the implosion time, i.e. the time it takes for the
wave to run across the tube radius, and tD 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

£, ™ e/n

ty ~ e/

respectively. So the ratio of these two times is given by
T = tD/'tc ~ ﬂeu )

The dependence of ion heating on the relative diffusion time ¢ is
shown in Fig.l. In this figure T was varied by varying either g,

v or p independently. For small t, i.e. fast diffusion rate, ion

heating becomes inefficient.

In the special case when collision frequency Vers is coupled 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 n,. Thus also the
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Product nc;ri stays constant and the mean ion energy per particle

varies as l/nO when varying n,. This is shown in a special case
using parameters of the shock wave experiment in our institute

(Fig.2).

In conclusion, we would like to point out that our hybrid model

of fluid electrons and ion particles seems to describe the dynamics
and dissipation in shock heating experiments quite well. Ion
heating strongly depends on the effectiveness of ion reflection
during implosion and this in turn is determined by the rate of

field diffusion during the time of first 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 fiir Plasmaphysik, EURATOM-Association
Garching b, Miinchen, F,R. G.

In 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 this into account by introducing an
enhanced diffusion outside the separatrix, As expected, this enhanced
radial diffusion makes the screening layer much thicker with a much
lower density. In unfavourable cases, a considerable fraction of the

flux of hot ions out of the plasma reaches the wall, If we do not assume
an additional loss term on the wall in the case of Stellarator-divertor

the transparency of the screening layer for neutrals coming from the wall
is not changed, In the case of a Torsatron-like or a bundle-divertor there
is a greater effect, but even with an enhance?ment of the radial diffusion
by a factor of 100, which gives about Bohm-diffusion in the outer region,
the sereening layer is still opaque, In Fig. 5 we have used the same para-
meters as thosein Fig. 3 of our original paper except for the diffusion
coefficient outside the separatrix. The most important feature is the
thick dashed curve which, in arbitrary units, represents the hot plasma
flux driven by diffusion. As seen from Fig, 5 there must be a very large
distance between the separatrix and the wall in order to prevent an in-

tolerable flux of hot plasma from hitting the wall,

In the case of the bundle-divertor the conditions are still worse, since
the conductance to the divertor increases more slowly with x and therefore
the pumping speed is lower in the outer region far away from the separa-

trix,
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NEOCLASSICAL DIFFUSION OF ol ~PARTICLES

A. Nocentini, M. Tessarotto
Istituto di Meccanica dell'Universita, Trieste, Italy
and F. Engelmann
Laboratorl Gas Ionizzati (Ass. EURATOM-CNEN), Frascati
Italy.

The formulae (3) and (4) of the paper for the radial o-par
ticle flux and the supplementary electron flux due to the presence
of cl-particles in tori of large aspect ratio are in error. They
should read

()
c]a\)ue d 3 () (37)
T;“"O.SB?,TAE = dvvﬁq(v)ﬂsa = fele f

and

(s)
i v,

5 _ /2,* 41
AT, = Yj?dr dvu,’? ('U) 146 £ E / f(v) (

with a numerical factor of order 1. The supplementary ion flux
due to the presence of ol-particles is to lowest significant order
in &

(=)

C’ Ve d. d_s = ‘F(o’(v') 41.62.,‘5

&,_E
AT =0,53Z, e% 0% dr

(o)
vh, @1

The ambipolarity of the particle fluxes, which holds, of course, ex
actly, can be verified explicitly from the preceding results to low
est significant order in ¢ . In fact, the diffusive flux of the
ol -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 ol -particles being of higher ox-
der in & . This latter flux is outward in contrast to what appears
for electrons and ions, due to the 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 E).

For reference, we give here also formulae for the ci—paE
ticle energy flux Q#and the supplementary electron energy flux AQe
due to the presence of ol —-particles:
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(A.3)

They show that energy and particle fluxes are connected with
the same time scales.Note that the energy flux of the « -par
ticles contains a term which is proportional to the radial
self-consistent field E, . 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

typically by a factor <5r® . kTe gmaller than the diffusi
ve flux. Moo Aot 0
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Corrigenda and Addendum: "Remarks Concerning
Experimental Simulation of the Pellet-Refuelling"

by C. T. Chang, Risg¢, Denmark.

Corrigenda:

i) 1In eq. (1) of the paper, the drag coefficient should

be CD

where A =

= gy Kl )\/rp, A)
o ” is the Alfvén-Mach number.
(hapu)=
ii) In table 1, for the 5 GW reactor, the number density

should be n = 2.8li

Addendum: Time scale, t, for ending the impact phase.

For impact particles at an average energy around and
exceeding 10 keV, most of its energy is lost through the
pair-production prooessrl], let A&r be the corresponding
average penetration depth, then N = u?[r2 Pathy n. is the number

of particles contained in a shell of thickness A r, and
t_ = n/G (A-1)
o

where G =X Fur r?/wO ’ (A-2)

is the ablation rate. OQur main problem is to estimate the

penetration depth Ar and the absorption coeff.\.

i) "If the impact particles are ions Ar = s, the average
path length obtained by integrating directly the stopping-
power formula, i.e.

E
Ar = [dE/(— & Y w/{f;-g) for E » W (A-3)
E-w

When the impact particles are electrons due to multiple

[2]

scattering and straggling effect, we take emperically

_ 388




Ar = s/U (A-Y4)

ii) To estimate the absorption coefficient X, we proceed as
the following:
For ion impact, we take A\ as the ratio between the
stopping-power for ionization and excitation against the
7,

total stopping-power For electron impact we take A\ as

the percentage of inelastic collisions in collisions between
p ; [3]
electron and atomiec hydrogen .

Using these considerations, the calculated results for i

particle of 20 keV energy are summarized in the accompanying table.

Ion , Electron

F, watt/cm? : 7.0 x 105 ! 4.2 x 10g i

- dE/ds ev/cm ? 2 x lDB f 3 x lDu '
AT, Cm . 1.8 x 1077 | 3 x 107"

A 0.50 | 0.91
& sea > 5 % T2 1.4 % 1027
£ s sec i 3 %10 7 x 1077
| .

Note: (dE/ds)D+ are computed from data of HY in H[Llj by

using stopping number B(Hz) = 2B(H) and for D' at the same |
impact energy of H+, (dE/ds)D+ = 2(dE/dS)H+..

Refences
1) A.Dalgarno and G.W.Griffing, (1955) Proc.Roy, Soc, A232, 423

2) R.D.Evans (1955) "The Atomic Nucleus" McGraw-Hill,

New York and London.

3) H.S.W.Massey and E.H.S.Burhop (1956) "Electronic and

Ionic Impact Phenomena", Clarendon Press, Oxford, p. 177.

4) W.Whaling (1958) in "Handbuch der Physik", S. Fliigge, ed.

vol. 34, Springer, Berlin.
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UNIVERSITY OF WISCONSIN TOKAMAK POWER REACTOR DESIGN

C. W. Maynard, R. W. Conn, H. K. Forsen
Nuclear Engineering Department-University of Wisconsin
Madison, Wisconsin, U.S.A.

Abstract

The basis for design decisions and summary of the main system parameters for
a 5,000 MW. Tokamak designed by the Fusion Feasibility Study Team at the
University of Wisconsin is presented. g

Introduction

There i1s 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 is 5,000 MW, 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 refractory
metals. The choice of liquid lithium as coolant seems very satisfactory
despite the problems of flow of a conducting fluid in the magnetic fields
present here. The remaining first order feature of the system to be fixed is
the choice of Nb-Ti as the superconductor which is in keeping with our actual
field requirements and current technological capabilities.

Geometry
There are a number of constraints which could limit the choices of the

major radius 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 is 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 formation and embrittlement caused

by atom displacement and by helium production. 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 considered. 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 temperature. 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 approximately 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/mZ has been used in our
feasibility 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 determining the general geometry. Optimization studies of




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 blanket, shield and magnet thickness plus the
Tokamak transformer space requirements are considered. The optimum aspect
ratio is then the smallest consistent with the above constraints and was set
at 2.6.

The optimization just described includes the main plasma physics re-
quirements for confinement. The stability factor "gq" 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 bootstrap 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 resulting
confinement time would then become too long if scaled using neoclassical theory
and it is necessary to assume one can spoil confinement relative to the
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 stable
plasma point is 50% higher. The requirements for a control system is still
under investigation.

Divertor

Sputtering and blistering of the first wall as well as contamination of
the plasma result from charged particles striking the wall. To minimize these
effects, a divertor capable of carrying away most of the particles diffusing
from the plasma is employed. This operates by introducing additional windings
with an appropriate current 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 chosen is a double null one
which simplifies the task of obtaining greater curvature of the divertor slots,
and this in turn reduces leakage and the associated shielding requirements at
the outer edge of the slots. There is also some merit in reducing the exhaust
load 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%
efficient, 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 erosion. The
stresses due to 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 tolerable in
the wall material. Thus, there is normally a range of thicknesses that are
allowable from the stress cpnsiderations. However, wall erosion will necessitate
a minimum thickness which is the stress limit plus the thickness eroded by
the charged particle surface effects on the outside and liquid metal corrosion
on the inside. This in turn must not exceed the maximum thickness set by
stress alone. All of the conditions above can be met in the present design
if it is based on replacement of the wall every two years instead of a twenty
year plant life. The wall is thin compared to a mean free path for 14 MeV
neutrons and has little influence 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 wall contains liquid lithium and the structure
needed to channel the lithium flow. The thickness of the region is fixed by
the need to breed tritium, to remove most of the energy being produced and to
allow for proper flow of the electricity conducting coolant in the presence of
the required magnetic field. All of these needs are met with a 50 centimeter
blanket zone followed by a 10 centimeter steel reflector and a final 5 centimeter
lithium zone. This blanket absorbs about 95% of the neutron energy and further
attenuation in the coolant is achieved at too high a price. The energy will be
recovered in the shield. but at a lower temperature. The breeding is still
higher than is really necessary to allow for losses from divertor slots and
fueling ports and for nuclear data errors. Adequate flow configurations are
very important since pumping power may be greatly increased if fast flow transverse
to the field is demanded.

Behind the blanket, the shield composition and thickness are to be fixed
by the limit on the radiation to the magnets. This limit which is set by con-
straints to be discussed later fixes the attenuation that must be achieved at
the least cost to the system. Iron, or in the non-magnetic case, stainless
steel, attenuated the 14 MeV neutrons most rapidly and allows the smallest
magnets. This should actually be a mixture of stainless steel and boron carbide
to insure suitable attenuation of the lower energy neutrons. However, the
high fabrication costs for steel indicates a shield consisting partly of lead
may be optimal, because the low cost of the lead more than offsets the increased
cost of the magnets due to slight 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 structure, which cannot be diverted to another use.

Magnets

The magnets are subjected to a number of radiation, stress, and super-
conducting limits. The most obvious 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 stabilization against thermal fluctuations
by providing an alternative flow path for the current. This stabilizer is
usually copper. The radiation limits 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 the stabilizer but proper design
can allow for the expected resistivity changes. The actual limit seems to be
the refrigeration load and is thus basically an economic one. The normal thermal
losses from the magnet cryogenic system from radiation and leakage is one of the
order of 5 Kw. However, in order to cool the system down in an acceptable time
(30 days seems a practical maximum) the refrigeration capacity must be about
15 Kw. Thus, without increasing the capital investment and for an acceptable
operating cost, the radiation load to the magnets can be set at 10 Kw. For our




5,000 MW, plant, this requires an energy attenuation of 5 x 10° in the combined
blanket and shield.

The 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.
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TABLE I
Power
Major radius - 13 meters 5,000 MW
Plasma minor radius - 5.0 meters 0.779 Mi/m3 average
PlFirst wall minor radius - 5.5 meters Wall Loadin 5
——95231 75 Neutron 1 MW/m 2
1 7 Bremsstrahlung 0.211 MW/m

Bp = VA, A = 2.6
T4 = 13.5 seconds
Ty = 12.6 Kev - unstable
0.98 x 1020/m3
Fractional burnup - 7.8%
Blanket and Shield
First Wall Thickness (316 Stainless Steel) 2.5 mm
Primary cooling and breeding region

Synchrotron .002 MW/m
Fuel loss rate 2.1 x 10" “ions/sec

=]
ol
n

95% lithium, 5% stainless steel 50 cm
Stainless steel reflector 10 cm
Secondary cooling and breeding region 5 cem
Shield stainless steel inner wall 5 cm

Successive 5 cm regions of alternating
BAC (90% theoretical density) and lead

B,4C 25 em
Lead 20 cm
Quter Shield wall and dewar support
structure (stainless steel) 25 cm

Magnets
1.25 m thick by 2.65 m wide

Total Mass 31.2 x 1081bs. of which 22.7 x 1081bs. is stainless steel
7.66 x 1061bs. is copper
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EVIDENCE FOR A BRBAD AND UNIFORM NEUTRON-PRODUCING
PLASMA COLUMN IN THE PLASMA FOCUS

Joint European Programme on Plasma Focus

*
E.D. Morgan( ’+), N.J. Peacock
The Culham Laboratory, Abingdon, Berks., U.K.

P. Cloth, H. Conrads
IPP-IRE, Ass. EURATOM-KFA, JUlich, 'FRG.

Ch. Maisonnier, F. Pecorella, J.P. Rager, M. Samuelli
Laboratori Gas Ionizzati (Ass. EURATOM-CNEN), Frascati, Italy

In the main paper evidence was presented to support a broad and uniform
plasma column in the Plasma Focus device at the time of maximum neutron emission.
This supplementary paper reports further electron density and soft x-ray

measurements.

DENSITY MEASUREMENTS

The experimental arrangement was as described in the main paper.

In Fig.l, a composite sequence of interferograms is shown, together with
typical neutron and soft x-ray signals. The times during the discharge at which
the interferograms were obtained are indicated on the neutron signal.

The first frame occurred late in the collapse phase, before the peak of the
first neutron pulse. At this stage the collapsing current—sheet is cylindrical
in nature and doas not have the oblique profile characteristic of the collapse
at earlier times. The plasma column is v 1,6 cm in diameter and ~ 2.6 cm in
axial extent. Frame 2 corresponds to the time of occurrence of the dense pinch
at approximately the peak of the first neutron pulse. The fringes in this frame
cannot be resolved since the magnification of the camera was chosen primarily
to study the low-density plasma resulting from the break-up of the pinch.
However, it is clear that the pinch is a thin filament of diameter ~ 0,3 cm and
of length ~ 2.5 em. The third frame occurred during the diffuse-pinch phase at
the peak of the second neutron pulse. The plasma has the approximate form of
a cylinder of diameter ~ 4 cm.

Fringe-shift profiles obtained from the interferograms were used to derive
radial, electron—density distributions as described in the main paper. Fig.2
shows two such profiles obtained from frames 1 and 3 of Fig.l,respectively.

Profile 1, obtained during the collapse,shows a lower electron density on

(*) Royal Holloway College (London)
(+) Supported by USAF under contract F.44620-71-C-0098
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axis than towards the edge of the
plasma column due to the collaps- 201 1
ing shock not yet having reached
the axis. The peak electron density
is n 2 x 1018 cm-3. The second,
radial profile, obtained at the
maximum of the second neutron 5
pulse, shows that the plasma column Ngxlom
is, to a first approximation, of em3) }
constant density with a sharp
boundary. A peak electron density 10
of n 3.2 x 10" cm 3 is found.

The line density in the plasma
column may be obtained by integrat—
ing the radial, electron-density

profile, i.e, 05

R
Ne = 211[ ne(r)r dr' .

o
The value of the line density

evaluated from the data in Fig.2

and from interferograms taken at 0 35 7
other times over a number of dis~ ' r (em)
charges was found to be remarkably

constant, v 2.6 x 1018 c-_:n-l. Using Fisur'e. 2'

the experimental observation of constant line density, the average density in the
pinch (Fig.l - frame 2) is §, = 3.6 x 107 o,
X-RAY STUDIES

A space-resolved 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 shown the existence of a very soft component simultaneous in time with the
first neutron pulse, a in Fig.l. The electron temperature using filter=—
absorption techniques is found to be below the 1 keV threshold of the detecting
system, for 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 electron temperature
ranging from 5-7 keV, shot to shot. This emission corresponds in time with
features previously repotted,[z 1.

An interesting 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 e¢m, while from
interferometry the dense pinch is ~ 2.5 cm in length, Fig.l. 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 v~ 0.3 cm and of

o cm—3 has been shown to exist at the peak of the

average density v 3.6 x 10
first of a series of neutron and 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 estimated from x-ray studies. TFinally, a second burst of neutrons is
produced, at the peak of which the plasma is found to be a column of diameter

% 4 cm and average density v 2.3 x 1017 cmra. These densities and plasma

dimensions agree with the model previously proposed,[B].
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DECAY OF THE MAGNETIC STRUCIURE OF DENSE PLASMA

AND X-RAY AND MICROWAVE EMISSION

W. H. Bostick, V. Nardi, W. Prior
Stevens Institute of Technology, Hoboken, N. J., U.S.A.

Bbstract. We present experimental data on the x-ray and microwave

emission from dense Dy-plasma which is produced in a "plasma focus" type

of discharge. The correlation of the radiation emission with the forma-
tion and the decay of magnetic-plasma cells is analyzed. A possible
mechanism for the emission is outlined.

1. ZX-ray data have shown1 that electt-un (and ion) beams are generated in-
side the dense plasma (plasma focus; electran density p_ v 10°0 an™)
produced by a coaxial accelerator which is cperated under standard condi-
tions: applied potential 15 kV, peak electrode current 1E v 0.7 MA, capaci-
tor bank energy 5 kJ; neutren yield wp to 5.10% per shot with 8 torr D,
filling; hollow center electrode-anode-diameter 3.4 cm. The electron mean
velocity u, (v 3-4'10° an/s, along the discharge axis - ar electrode axis -
z) inside a beam was determined by the variations (with gas camposition D2,
D2+Ar and with photon energy ) of the intensity anisotropy Igoo/Ioo N 2-4
(IOD is along 2)2 in the bremsstrahlung emission from typical localized
x-ray sources (X-IS, with linear dimensions r ~ 0.05-0.lmm by photos with
€z 2 keV, as recorded on pinhole-camera photographs through a Be filter
005 mm thick) in the plasma and by using Sammerfeld's bremsstrahlung
formulas>. The magnetic induction B reaches peak intensities v 1-2 * 10
megagausl within a X-IS by estimating B ~ i (ampere)/5r(am). Values of the
local electric current i = 'rrrzepeue v 3-4 MA > i_ inply the fomation of
local circulating currents in the plasma (p_ was cbtained from determina-
tions of absolute x-ray intensity on X-IS photographs ). Usually three-five
X-IS's are formed in the axial region of each discharge. In previous work?
we have related the production mechanism of the X-IS's to particle accele- |
ration by the inductive fields which are generated during the decay of the |
current-sheath magnetic structure. In order to find a specific correlation

among configurations changes in the current sheath (CS) and typical varia-

tions in the radiation emission fram the plasma we have taken time-resolved

data from x-ray and microwave detectors.

2

2. Oscilloscope (Tektronix 7704, rise time 2.5 ns) traces of x-ray
scintillation detector (NE 102) signals show a time sequence of x-ray
intensity peaks (e > 2 keV) which are distributed on a time interval ~ 50-
100 ns starting at a time t ~ 20-30 ns after the firstdi.E/dtm:i_m':mm.




show the same details (peak multiplicity and width for each pulse).

(f) The microwave intensity is substantially the same in all directions

[+ 10 watt at peak intensity on the interval (1 * 0.5) A on the solid
angle; A ~ 3 an]. All these features of the microwave emission could be
mderstood in terms of magnetic-dipole radiation associated with the rapid
formation of current loops (with the magnetic dipole always orthogonal to
the z axis) during the CS axial collapse.

4. The CS axial collapse can be followed on image converter (IC) photo-
graphs by visible light [we hawe campared IC photographs of a discharge
with schlieren and shadowgraphs simultaneously cbtained - by using a 108
watt ruby laser - and we have verified that all details on a IC photograph
have corresponding elements on schlieren and shadowgraphs; specifically,
peaks of luminosity on IC photographs corresponding to peaks of particle
density]. Typical cusps appear on the CS even before the CS collapses on
the discharge axis. At t=0 the CS reaches the axis near the end of the
center electrode (the point of convergence of CS on the axis moves with a
velocity u v 3'107 an/s - decreasing with time - along the z-axis), cusps
are enhanced and the formation of the axial plasma colum (diameter ~ 4 mm)
is campleted at t ~ 80-100 ns. The luminosity distribution in this colum
suggests that the colum is ho].lm.4 A "neck" with a diameter & 0.5 mm
and a variable length, may appear at any point of the colum and at diffe-
rent times in different discharges (this is frequently called the second
campression stageS) . Our statistical analysis on many (v 102) IC photo-
graphs shows that two neighboring cusps are frequently connected by a
luminous pattem which defines - together with the cusped border of the
colum - the boundary of a locp with a nearly circular cross-sectian (the
luminous pattern connects neighboring cusps cn the 4-mu-diameter column
as well as neighboring cusps in a "neck") .4 These three-dimensional loops
can span a large azimuthal angle A6 ézn. Plasma outflow fram the column
cusps has been cbserved also by a high-speed-interferametry study at
Lebedev Phys. I.°. The spacing between cusps (d ¥ 3 mm) in some discharge
can be remarkably constant along the colum and in the off-axis part of
CS (d/u ~ 10 ns can give an estimate of the time interval separating the
formation of two consecutive loops alang the column).

5. By assuming that the luminous pattern corresponds to mass and current
flows (as it was verified for previocus stages of the discharge), then the
formation of the loops of circulating current will decrease the azimuthal
B,~field en a broad region far (* 1 cm) from the axis. The corresponding
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The full width at half maximm (FWHM) of each peak is v 10 ns. In v 75%
of the discharges a very hard x-ray peak (FWHM ~ 5 ns) can be cbserved on
the same time interval of the soft x-rays. This hard component is present
inbt::(:.hDZa\ndE[2 discharges and can cross a lead screen » 5 am thick so
that for many photans e z 1-5 MeV. The NE 102 crystal thickness (v 0.1
mm) is smaller than the neutron mean-free-path in the crystal so that
neutrons do not contribute to the x-ray signal [a secand group of broader,
frequently unresolved peaks (e 22 keV) is dbserved 200-300 ns after the
first peak sequence]. All discharges (v 102) show that statistically the
number of intensity peaks in this first sequence matches the number of
X-1S's in the axial region of a discharge as it is recorded on a pinhole
photograph (the same Be foil is covering film and NE 102 detector). By
using a collimator pointing at different positions along z it was
cbserved? that the times at which ¥-1S's are flashing increase with the
distance of X-IS fram the anode end. Our conclusion based on these data
is that the image of each X-IS on a photograph is formed by a x-ray burst
which lasts not longer than ~ 10 ns and that as a consequence of the high
space-resolution on our time-integrated photographs a time-resolution v
10 ns is also achiewved.

3. Different microwave detectors (for 3 an and 10 cm wave-lengths) have
been used at a distance~20 cm from the anode end and at different orienta-.
tions ¢= 70°, 80° and 180° with respect to the z axis. A sequence of
microwave peaks with FWHM 3-10 ns is detected in each discharge during the
axial collapse of CS. The number of peaks varies fram 0 up to 15. The
following properties of the microwave emission are chserved: (a) All
intensity peaks are sharp (for many peaks FWHM is determined by the scope
rise-time). (b) Usually a first group of 2-10peaks occurs on a time inter-
val of 20-300 ns (more frequently 4-8 peaks on 100-150 ns); a second group
of 1-3 peaks may follow 100-300 ns after the end of the first growp. (c)
The time-spacing between peaks is rather uniform (usually 5-30 ns); in
same discharges this time-spacing can be remarkably constant for many
peaks (see Fig. ). (d) By using two identical detectors we have cbserved
for each microwave peak the azrp.'litude'E“ of the electric-field-camponent
parallel to z and the amplitude E, of the orthogonal campaonent. With the
detectors at 70° and 800, E,, > E, for all peaks and in all discharges

(the two detectors were calibrated and were frequently interchanged for an
alternative pick-up of E or E; ). Usually E v aE, S ot 14 (the
mean value a on 35 discharges is a = 2.4). (e) Both E | and E | signals
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Fig. 1. Oscilloscope trace fram micro-
wave detector for E , A3 om. Notice
uniform spacing Atvl6 ns between
pulses (sweep speed 50 ns/am). Nine
pulses are recorded. In this trace’
and in scope traces of Fig.2 time

increases from left to right.

Fig.3.IC photograph by visible™
light(5 ns expos.)of the plasma
colum at 80 ns(with 4 cusps).

notice 4 short,9 =Z2cm peaks

Fig. 2. Microwave pulses with-E,, ,M3 am-(a) and x-ray pulses (b)start at

the same time (+ 10 ns) in the same discharge. The microwave pulses which
cane at the same time of the first group of x-ray pulses have usually a
smaller amplitude than subsequent pulses. The late (second) group of

microwave peaks is not shown in (a). Sweep speed 100 ns/am. The late (or
secand) group of microwave pulses is not detected in this discharge which
shows only the first group of small and large amplitude peaks (spreadv300 ns).
inductive field can accelerate particles in the axial region with a sharp

increase in the local values of the electric current and consequently of
B, near the axis. A loop spanning the infinitesimal (azimuthal) interval
8,8+d0 will generate a magnetic dipole m(6,t)de orthoganal to z. For mag-
netic-dipole radiation it is E, > E, , in any direction close to the plane
orthogonal to z and containing m. The first group of x-ray signals is
related in time with the rearrangement of the filamntary4 structure in the
(hollow) colurm. The concave-spool shape of the X-1S's suggests the forma-
tion of plasma cells (or toroidal vortices) with peak x-ray emission from
the cell cores. It is likely that the loops cbserved by visible light "
play a major role in the formation process of these cells where B-field
buildup in the localized cell-cores can occur at the expenses of the field
decay in broader regions. Because of the delay of the large-amplitude
microwave peaks with respect to the x-ray emission from the colum, it
seems possible to relate these large peaks only with the loop formation in
the off-axis region of S or with the excitation of already existing loops
by particle ejected in the loops during the propagation of disturbances in
this region of C5. A more likely possibility is microwave emission during
the final decay of long-lasting cells anywhere in the plasma.

Work supported in part A.F.0.5.R.,U.5. and by C.N.R.,Ital .
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COMPARISON OF LASER-HEATED FUSION PLASMA PROPOSALS*
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 collisional absorption mean free path La for laser light in

a hydrogen plasma can be written:

3 7 32 N N2
L, =10 2 3 nig o))
a EnﬂxiNZ Nc
H e

where Te is the electron temperature (eV), Au is the laser light wavelength in
microns, Ne is the electron density, and Nc is the cutoff density; Nc = ﬂ/roi\z
where r_ is the classical electron radius. The condition for propagation of
light is Ne < Nc ; therefore, the optimum value of density for strong absorption
is near, but not greater than, NC. For neodymium lasers, A = 1.06u, and

19

N. = 1021; for carbon dioxide lasers, A = 10.6u, and NC = 10 These plasmas

[+

are dense compared to most fusion plasma proposals; the cbrresponding PressiL s
(P = 2ZNKT, assuming Te = TiJ' are v 3 x 107 atm and v 3 x 10s atm, respectively.
Such pressures cannot be contained in stationary apparatus; this difficulty must
be circumvented. ‘

The laser-pellet proposal (1] uses the inertia of the reacting plasma
itself as containment. The plasma is proposed to be formed at extremely high
densities N, = 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, (2)

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 Commission.




layers together. It has been shown[sl that the Lawson criterion (for DT at a

130: (where o is the desired energy multi-

temperature of 10 keV), Nt R 5x10
plication) can be satisfied if the laser energy input EL to the pellet is,
approximately: EL = 108 u3/54n2 joules where € is the overall efficiency of
conversion of laser light energy into the final compressed sphere, and where n
is the ratio Ne/NS, where Ng is the density of solid heavy hydrogen. The
thermonuclear reactions occur before the sphere can come apart; the vacuum
chamber is large enough to contain the resultant "microexplosion'. The time

scale for the nuclear reaction would be 10712 - 10711

would be 10712 = 1077 sec.

sec; the laser pulse width

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; however, several new effects such as
parametric 'mstabilities,[s} high energy electrons,[ﬁ] and self—focusingw] 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 is to heat a‘ plasma in a magnetic field with
a long wavelength laser at low enough densities to permit plasma containment

A and a

with stationary apparatus. 8] For example, at a density of N, = 3 x 10
temperature of 104 eV, the collisional absorption mean free path (equa. 1) is
10° 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 long
machine is large, but may nct be unreasonable for a fusion power 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 millisecond. Detailed estimates of the required laser cnergy indicate that a
few megajoules would be needed; 2] however, the laser pulse length can be

= 107* - 107 sec instead of the much shorter pulses required in the pellet
approach.

Megagauss magnetic fields have been proposed to contain laser-heated
plasmas. [91110] However, these proposals have the disadvantage that the magnetic
field pre:ssure is too great to be contained by stationary apparatus.

One possible laser-augmented pinch (8] is considered in detail -- laser
heating to temperature of about 1 keV followed by pinch compression and
confinement to reach the thermonuclear reaction temperature of 10 keV. In this
example the absorption mean free path for laser light (equa. 1) at T = 1 keV

and N, = 1018

is 300 cm, implying that much shorter machines are possible.
Axial losses would be reduced by using end plugs 184 . a procedure that is
especially effective at high densities where thermal conduction losses are less

19 420

serious. The laser-heated plasma bubble would be compressed to N, =10
by a cold, dense plasma sheath driven by a large magnetic pinch. This cold
sheath would be thermally insulated from the hot plasma by the magnetic field.
The major external energy source would be a conventional capacitor bank or
large inductance to supply the pinch current; the energy of the laser should be
rather modest in comparison.

The unique capability provided by the laser is its ability to provide
localized heating at a prescribed position and time within 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
Jd. W. Shearer

Lawrence Livermore Laboratory
Livermore, California 94550 USA

Further evaluation of the laser-augmented pinch ccncept{1] has shown that
this idea has some serious technical problems.

Assume a DT plasma of density Na = 'IO18 which has been heated by a laser to
a temperature T = 1 keV. Now compress this plasma adiabat1ca11y to a density
] = 10 4 wh1ch would heat it to a temperature T1 R T (N /N )Y' = 10 keV,
assuming that the radiation and conduction Tosses are not too severe. According
to the Lawson criterion, N 1 3_1014; consequently, this compressed plasma must be
contained for T 3_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 machine, 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 Timited by the stability conditions
for a Z-pinch.le For a sheet current model of this pinch, the growth rate y of

the m=1 instability is given by:[z]
2 2 2
B (KR ) B
Y=z(§) g1 | S b (1)
P
P

for small KRp where Rp is the total plasma radius (including the laser heated hot
core), K is the wave number, p is the average density, and there is a stabilizing
field BZ’ in addition to the pinch fie]d'Ba. For a numerical estimate, choose
(KRp) s i Bzz = 0.75 BBZ, and pressure P = EBZIBH. Then, if we want the
growth rate vy to be small compared to 1/t, we must have a large average pinch
density p:

p>> %Q; gm/cm® (2)

p

This is a very large density criterion, and is a serious problem.

*Two-page supplement to UCRL-74628 (reference 1).
tWork performed under the auspices of the U.S. Atomic Energy Commission.

403




IT one uses laser heated theta pinches, one cannot use the 3 MG magnetic
field for containment because the coils would be wrecked in one pulse. One
might, however, consider using much lower fields to accelerate a massive cold
sheath to compress and contain the laser-heated plasma. However, this inertial
containment scheme is found to require average plasma densities similar to those
just estimated for the Z-pinch. For both pinches, the size of the electrical
power supplies necessary to achieve the Lawson criterion with such dense sheaths
corresponds to hundreds of megajoules pér meter, which is very large. One is
reminded of the explosive experiments with megagauss fie1ds,[3][4] which have
similar energies.

Nevertheless, despite these difficulties, an attempt to compress pinches
with laser-heated cores would involve interesting plasma research. 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 Research Laboratory, Washington, D. C. 20375, U. S. A.
ABSTRACT
Plasmas produced by ~ lns laser pulses 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 plasmas is based on the
assumption of ionization equilibrium and equality of collisional excitation and
radiative decay. It preditts useful relations between relative line intensities
and plasma electron temperature To. These are used to extract T, values
from measured intensity ratios_[l]. However, for short laser pulses (5 l1ns),
there is a question of whether or not conditions concordant with the assumptions
of thel coronal model have time to be established in the plasma.
EXPERIMENTAL
A3m grazing—inicidence grating spectrograph [2] was used to obtain the F
spectrum shown in figure 1. This spectrum is fully discussed elsewhere [3].
Here we focus attention on the longest-wavelength Li-like satellites of the He
2p-1s resonance lines; namely the 1s2 2p Zp_1s 2p2 2Dat 17. 167 A and the
1s2 2p 2P - 15 2p2 2P at 17,116 A. In ionization equilibrium, these lines should
be in the ratio 7:1 [4], but the observed ratio is near 1:1, The departure from
+ 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 pulses.

e R i — —_ He-like Series (F Vi) _

He-Tiks Li-hke
Saleiires = Satallites
i ——— STy T = —1 = A
2 13 14 15 L3 7

wavelength (A)

Figure 1. F spectrum from LiF target placed at focus of 100 GW Nd:glass
laser. (Entire width: 2 shots, center: 4 shots.)
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RATE EQUATION CALCULATIONS
A non-hydrodynamic rate equation model for K line emission has been con-

structed [5]. The absorbed laser energy heats the plasma within a small volume
(5 X 10-8 cm3). Conduction losses, plus heating and ionization of the ions, are
included. The last factor, energy transfer between the electrons and the internal
degrees of freedom of the ions is described by a set of rate equations based on
the levels and transitions shown in figure 2 for the case of Al. The ion number
densities N# for each state thus change in time according to the equations

ANy —

= np W N, =N
v

iy
ge o &, Mg =g
n

The collisional rates all depend on the electron number density, which is de-

via Nc = \ Z“ N}I , and on the electron

termined from the ionic charges Z 7

o

temperature.
I RADIATIVE DECAY
EIN
S; -—ﬂ-.- SZ + hy u

I COLLISIONAL EXCITATION & IONIZATION

CE
Sz +e w—.—5'§+a T

wCI
Sz+e — Sz,  +e+e

5P I 3-BODY & RADIATIVE

4p RECOMBINATION i
3p WER |
. Szt te —=Sy+e |
p
WRR ¥
A  SzaTe T Spthy

transimon ARl AEM[sec] mame N\,
\

I. 5p-=IS 56 1iex1o" Hg
2. 4p»IS 58 365x10" Hy
3 3p-=I5 6.l 159x10%  Hg
4. 2p-+=IS 7.2 1.34 10 Ha
5, 5p-=IS 8.2 19 x10% Heg
6. 4p+-IS 63 32x102 Hey
7. 3p=I5 66  77x10%  Heg
8. 2pIS 78 28x10"® Heg

Figure 2. Levels, transitions and rates for Al,

Use of the rate equation model yields relative spectra and total line intensi-
ties in good agreement with experiment (figure 1, of reference 2). This approach
is being extended to other atomic specieé, such as F shown in figure 1.
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INVESTIGATION OF LASER=FRODUCED PLASKA
ON "MISHEN" DEVICES

B e

V.V.Alexandrov, E.P.Velikhov, A.G.Kaligin, N.G.Kiselev, N,G.,Kovalsky,
V.V.Korobkin, P.P.,Pashinin, M,I.Pergament, A.M.Prokhorov,
A.I.Yaroslaveky

I.VeEurchatov Institute of Atomic Energy, Moscow, USSR
P.N,Lebédevy Physical Institute, Moscow, USSR

Abgtract; The results of the spectriscopic investigations in experi-
1;;:1%;’;1;:11 laser-produced plasmas are presented., Intense lines with
frequencies 2u), and 3/2 &J, were observed when p Nd-glass laser
(frequency ,) radiation was focused onto the solid targets, For LiD
and ('.':132)n targets neutron yields were measured, Preliminary date
on interaction of nsec laser pulses with a demse plasma in strong
magnetic fields are reported.

1°, The aim of the experiments performed on "Mishen®™ devices is
to investigate the interaction of powerful leser radiation with
high temperature dense plasmas in a wide range of conditioms includ-
ing the irradiation of solid targets in strong magnetic fields up
to I Moe, The experimental arrangement is scétched in Fig.I. The
Nd-glass laeser system "Mishen I" consists of a single-mode oscilla=-
tor Q-switched by means of a Pockells cell, a fast optical shutter,
which shapes laser pulses, and six amplifiers enhancing the
energy level of the pulse up to ~ I00 j. A fraction of the laser
emiggion is used to trigger a spark-gap switeh which controls the

shutter,




osc

So 2t

pacillaton Poc e L{Z]} il > i

ce _

FigeI. PM - Photomultiplier, PD - Photodiod, I,2,3,4,5 -

amplifiers, 6 - passive ghutter, 7 - focusing lens,

8 - magnetic coil, 9 - target.

Half-peek duration of the laser pulses is conirollable between.
six and Ewenty five neec and rise time is less then one nsec. The
diameter of the output apertur; is 45 mm, the beam divergence - less
than 2.10"3rad. and the dynamic contrast ratio is about 103. The
further development of the laser system described ébove led to
"Mishen II" device in which large fectangular cross-gection active
glements are used in the last amplifiers [I] « This device has been
just arrenged and tested.As & result, the predicted energy of the
6 nsec lager pulse has been achieved AJIOBJ.

27 The main results pregsented in this report were obtained on
the "Mishen I" device when massive Al, LiD ans (CDE)n targets were
illuminated with the laser light in a vacuum, The experiments was
carried out in the energy range from I0 j to 30 j for 6 nsec and

20 nsec laser pulses. The beam was focused onto the plane surface
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of the ftargets with either f = T.5cm or f = IScm lenses, The pulse
shape and total energy of the incident and reflected laser light
were measured with fast photodiods and calorimeters. Spectral obser-
vations of the light, reflected from the plasma into the aperture
of the focusing lens, were made using a grating- spectrometer with
a mean dispersion of 20 R/mm for recording in the infrared regions
A grating spactromater'wi%h an image emplifier for recording in the
visible range and s monochromator with a fast phoftomultiplier (the
time resolution ~~ 2 nsec) were used. The proportional H33 filled
counter with 5 cm thick paraffin shiaid was used for estimation of
the total neutron yeild.

3°. The reflection coefficient was shown to vary strongly with
the distance between target and focusing lens. Typically if drops
by a factor of five when the target is moved from the optimum posi-
tion to either side by SOOMK. (f = I5 cm lens), The maximum va-
lues of the reflection coefficient achieved 5 + T%. The pulse shape
of the reflected laser light nearly always foliowé that of the in-
cident light,

The spectrum of the incident light in our experimental condi-
tions consisted of a few-lines gpaced 58 apart. The envelope was
nearly symmetrical with half-width about 40 R. The spectrum of the
reflected light in the experiments with maasive'targets (AL, LiD,
(CD,),) is shifted to the red by 3 R and the line substructure
aiéappearad. It should be mentioned that we saw the same lines in
the reflected'spectra as in the incident one when thin Al foils
were illuminated. The distributions of the intensities among these

components gre however refersed relative to that in the incident
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spectrum (see Fige 2)e

Spac%ral measurements in the visible showed the existence
of the strong components with frequencies near 24), and 3/2 &p
which confirme observadions made in Limeil [2] s Our results are
shown on Fig.2 and could be deacribe& as following:

1
israsti ut - sy w254 Tan'y e
! Forsd, Fr2dn Bl rah TR Y

__nside

A

1 faeplael)

£ 154 ruu ol

110t weire gt prien, ol

£-134. rant fﬁ

1 (reflec)

Fig.Z. Results of spectral measurements.

a). Half-width of the second harmonic (2 ) is about 10 £,
the line shepe is asymmetrical wlth higher :l.ntensity on the red

plde.
b)e The centre of the red line is shifted relative to the exact

position of the 3/2 ), by 40 f +to the blue side. The half-width
of this componantq js sbove 100 & end its contour is symmetrical-
c). The intensity dependence of the 2&J, line on the focusing
oonditioné ig much sharper then that ome for the 3/2(,.;,component.
The mexime intensities of the lines corresponds to the different
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positions of the target relative to the focusing lens. The results
of the spectral measurements for different type of targéts coincide
within ‘the experimental errors. The spectrogremme obtained with
spatial resolution in the trensverse to the incident beam direction
showed that light emission at the frequencies 24) and 3/24/, ceme
from different plasma regions. '

d). Time variation of the second harmonic intensity follows
that one of the incident pulse.

When ILiD and polyethylene targets were used the total neutron
yieldé wer; élao controlled along with spectral measurements. Neut-

ron yleld asbout 2 + 3 , 103 neutrons per shot was detected simulta-
neously with the aeéond harmonic signal.

The data obtained in our experiments definitely indicate the
existence of the nonlinear effects in laser-plasma interaction at
light flux densities above Io;zw/cma.

Acknowledgement. The authoré'araqpleased to express their sincere
E;;%E%aa;'%afﬁﬁdotov and V.Saveliev for agsistence during these
experiments,
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HICH-TEMPERATURE PLASMA PRODUCTION BY MEANS OF LASER
PULSES OF SUBNANOCECOND WIDIH

V.D.Djatlov, A,D.Starikov, V.A.Serebrjakov,
V.I.Kryzhanovski, Ju.I.Dymashits, R.N.Medvedev,

A.N.Popytaev, V,N.Sizov
(USSR)

Interaction of short light pulses with LiD target has been
investigated. The yield of fast neutrons ~ 106 per spark.

Experiments have bsen made on The interaction of short light pul-
ses with LiD target. Light bursts with (5+4).IO—IOsec duration were
formed by a %-line powerful neodimium glass laser /I/. The final
stages had 60 mm aperture and could deliver 2004300 joules with

= rad.

beams divergency (at half energy level) not more than 3.I0
The outputs were focused onto a solid target either by spherical
single lenses (90 mm aperture, f = 233 mm) or by 3-lenses objeg¢ti-
ves (f = 60 mm; I1:0,9) with subsidiary beam - preconverging lenses
(fig.1).

LiD erystals of I+3 mm were mounted inside the vacuum chamber on
the revolving disc with L0 positions that allowed to expose one or
another target without vacuum disturbance. Two-gstage vacuum system
pumped out the chamber to (I+2).IO'4 mm Hg. To control the position
of pellet with respect to focal spot we used a He-Ne laser provided
an accouracy of no more than 5 ffm. The intensity of incident light
as well as scattered one was recorded by maﬁns of high speed elec-
tronic set with time resolution of 30 psec. Spectrography samples
(fig.2) were taken by 30 R/mm spectrograph for scattered light in
vicinity of first and second harmonics.

For measuring oneutron yield three methods were employed: acti-

vated blocks, plastic scintillator and thick photoemulsions. The
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Fig.I. Schematic drawing of experimental apparatus:

I - laser oscillator; 2 - amplifier rods; 3 - target;
4 - calorimeter; 5 - neutron detector; 6 - X-ray
detector; 7 - high speed electronic set; 8 - tracing
lagery 9 - detector of tracing laser; I0 - prisms

O R = R R e
bl = | || Ao
MR @@ ERE PO TR
FRRRPR R mmmem g

[* S S e ———— !
-l==""'1;_.--_llllllllllllllllllll

Fig.2. Tracing laser signal - upper beam, photodiode
signal - lower beam
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bvlock being situated at the 35 cm distance from the target was able
to count 105 n°/4i . For calibration overall semnsitivity of this de-
tector we used Pu-J4 -Be source. Another method was performed by
coupling plastic scintillator (p - terphenyl in polystyrene 4 POPOP
# B0 mm H = 80 mm) to photomultiplier with 10° n°/4L detection when
arranged in vacuum chamber. FProvision was made to protect the detec-
tor from hard X rays and electromagnetic fields. Nuclear emulsions
calibrated by "cosmic stars™ could trace IO“ n°/4X quite near the
target. Neutron yield measured by these methods was in good agree-
ment in the range of aaccuracy methods used.

To evaluste electron temperature we employed techniques described
elsewhere 72/, jluminum absorbers 20.107> g/cn2 and 40,1072 glcnz
with plastic phospors setting in vacuum chamber were used. They
were coupled to detectors by flexible light guides. Integrated on
hotplasma-time-of-life electron temperature was foung to be I+3 kev.

The effect of background irradiation on the neutron yield was
studied, It was found that maximum admitted background energy at
which the neutron yield had a detectable counts amounted to 5.10'5
joules. Here no dense vapour cloud was observed near the target
(tig.2).

The pulse to background energy ratio was not less than 104 and
was provided by two Pokkels cells in oscillator and three dyed fil-
ters in each amplifier line. When only one line of amplifiers was
ugsed we registered the neutron yield 5.105 n°/4% while operation
of all three lines gave us 10° 22T .
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Fig.3. Incident and scatterd intensity.
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Pig.4. Neutron detector pulse
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SIIILARITY EQUATIONS OF CONCENTRIC LASER COMPRESSION
AND FUSION OF PLASHMA

S.Kaliski
WAT = Warsaw
Suﬁmary

The deriving of similarity equations of laser plasma compression,
taking the thermal wave front and fusion energy recovery into acco-
unt, was presented in this paper. Basing on the dynamics of bodies
with variable mass the model of the Fermi liquid wes assumed for the
central 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 ones.

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 energy recovery into account. These methods
enable us to obtain some rough integral appraisals, congiderably dif- '
ferent from the numericel, strict approaches [5] ’ [EJ « A certain evo-
lution of averaged equations gives the integral similarity descrip- !
tion [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 pulse 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-
temperature ideal gas. Both the sphere and layer are the system with
variable reduced mass. The constructions of above mentioned equati-
ons is the aim of the present paper. In works [9] ¥ [10] a further evo-
lution of this model has been proposed allowing us, on the ground of
averaged descriptions, to take into consideration the structures of
both thermal and shock wave fronts.

The solution of equations and quentitative analyses are given,
for the lack of place, in a separate elaboration.
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D=

2, The scheme of system

In fige.1 and 2 was indicated & scheme of system and assumed the
distribution of velocities in the central sphere and external layer
with variable region boundaries and various models of both media.

Fig.1
The value c(t) 1Elgde‘!:ermined by explicit approximate formulae on the
ground of [1 1] s+ The pimplified schemes of laser radiation absorption
in external layer, discussion on the effects of brems-gtraghlung, li-
near. and recombination radiation can be found in above mentioned pa-

pers.
Denotation for the sphere was_ assumed:

! --—=—‘Q
4] =F

f-‘c*é o f' -R
Rp"R.  R~R
s .. t
nheres R=R.-c ; R=Rc=[c(t)dty
3s Equations of the problem
3s1s The central part equation of D-T sphere,

Assuming for the integral similarity model

(31) pxt=p(DFK); met)=ne(D)f(x); p(x,t)=po (1)F(x); T=T

and expression for energy and pressure for the degenerate Fermi's

and for external layer:

(2.2) _Ee

gas
(3.2) NEr[(gN et Bf(fk) (_ﬁ ]

Pt)= po()f ()= L £ ™ 1+ S (ALY ]
where E =2h (35 )2/3
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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

Lag, (2 R () BT’ -
=2B§[M(fz+c)]—23v5d + AR 5 (N Ty* N T})

d 4 2 2, 45
vy A0 B EY () BTy

(NQTE*N‘[T[) +Ba% [M(léﬂ: J ZB('%

(33)

R+C) R*‘C‘) dM +Br=Q(T,R)
where M=47R} R0 D=j‘f(x)x2dx~l C= iﬂ.ﬂ_xj))_.”‘_i’i J‘{;(x 71’3 wdx

4 4
ESE’ 3 R, -R
V5= R+ )n 24 R E—U—R (23 R3); A=-dm

35
() 2 (x) s
ax

A=—4ar[0 B=ﬁ)[0f(x)x4 dx

whereas we determine f(x) according to the known formuleae.

In equations (3.3), (3.4) B, - denotes Bremsstrahlung, Q(T,R)-
characterizes the fusion energy recovery (see formulse in [1] - [4])
For C we have the approximate expression (we write it for shorte-
ning the formulae for g= const, where g = intensity of laser ra-

ration) ) IMI'CGQTQWE
(3.6) = (14576, T ™ + IRci

In equations (3.3), (3.4), (3.5) the parameters of external lay-
er Te, 'I.‘i and Ro appear.

3.2. Equations of external layer I

For the external layer, employing the equations for two-tempe-
rature ideal gas, with the distribution of velocities like in fig.2, i
and assuming f(x) = const, we obtain on the ground of dynamics
equations of the body with variable mass:
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. d( Y
43"(!202 Rﬂ = RZ ) k (nug +'nﬂ{ )-l— RC“S de‘ 5 Ag‘f 5)

d ' . 2
gkd—*(ne To) + By=—kmg, T, 47(RZ Ry-R? R} =

37 3 LT dMp,. %
i r
"7 kN S M, gt (Rep) Vst glt)
3.4 - 2% o254 3o Bl
gkd‘*(NiTi)— kng; T W(Eo Ry~R RC)+§' o efr["'h df( 2)0

where M, - reduced mass in relation to the point R,
B - bremsstrahlung of the layer

'<|‘Z

P JOR | S
rqe?"ZE Tg'*'T[ ! Tg-t-"-[ ' b

The system of equations (3.3), (3.4), (3:6) and (3.7) is a sys-
tem of 6 equations of the problem in relation to the unknowns R,»

Ry Ty Tgs Ti' Co To the system are added the initial conditions
that we do not write down,

4, The end remarks

The equations ebove formulated enable um, in average approxi=
mation for the simllarity model, to descrihe the process of plas-
ma compression andé fuslon snergy recovery., The numerical resultis
for initial R of order 0,04 cm and laper pulse snergy of oxrder
5 kJ give the compressiocn 103(' K<‘104 and a positive energy recoverye
The laser pulse energy may be reduced by applying explosive precom-
preseing.
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PLASMA HEATING WITH A RELATIVISTIC ELECTRON BEAM
P. Korn, F. Sandel and C. Wharton+)
Cornell University, Ithaca, N.Y., U. S. A.

ADDITIONAL RESULTS SINCE APRIL 25, 1973

Ion heating 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
momentum 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 © to the magnetic field. For
turbulent heating we found that the ion heating was nearly iso-
tropic.

The ion energy distributions for direct turbulent heating
and for heating with the relativistic electron beam were nearly
identical, except that the high energy tail is accentuated by
beam heating. The curves shown in the figure were normalized to
925 evV; actually the REB curve lies well above the TH curve.
Diamagnetic signals for the two cases looked qualitatively alike,
but the REB signal was twice as large. The distribution is not
Maxwellian, but gore negrly follows an inverse power law, at
levels up to 1ol7 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 REB we achieved 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 matched., For a
foil-less diode the impedance was matched only when the proper
plasma density was allowed in the anode cylinder; too high a
density caused a short-circuit (closure) and too 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 becaffe the return-current is
damped by the anomalous collisions.

SIS
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MEASUREMENTS OF THE LINEAR AND NONLINEAR STAGE OF THE
BEAM-PLASMA INSTABILITY.
R. Aymar, H. Bohmer, F. Koechlin
ASSOCIATION EURATOM-CEA4 SUR LA FUSION

Département de Physique du Plasmia et de la Fusion Controlée
Centre o Etudes Nurlénires

Boite Postale n® 6. 92260 FONTENAY-4UX-ROSES (FRANCE )

An electron beam is injected into the afterglow plasma of a
pulsed P.I.G. discharge, immersed in an uniform magnetic field of 2800
Gauss. The plasma diameter is 5 cm, the length is variable from 150 to
230 ecm. At the time the electron beam is pulsed, the average plasma
density, measured with a microwave interferometer, is in the range 1010
= 12 X IDllcm-a, the electron temperature, obtained with a Langmuir probe,
is 0.75 + 0.25 eV. Therefore, the ratio of electron collision to plasma
frequency is 10-3, so that collisions can be neglected in the dispersion
relation for the hydrodynamic beam-plasma instability. The radial elec-
tron density profile, also measured by a Langmuir probe, is used to
calculate the plasma branch of the dispersion relation, for

c
narrow energy distribution (AE/Ev1Z), its diameter is 0.8 cm, and the

w elmpe>2.5>>l. The electron beam energy is 6.5 keV, with an initially

pulse duration is 15 psec. The ratio of beam density to plasma 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-
grator. Also, with an 8 mm microwave scattering system both frequency
and wave vector spectra of the unstable waves can be measured [-1_7.
Good agreement is found between both diagnostics when the plasma density
is varied and the received frequency w kept constant, at least for the
first radial mode, as shown in fig.l!. If the plasma density in the cen-
ter of the column is assumed to be twice the average density, then there
is good agreement between the value of density at resonance and the cal-

culated dispersion relation.
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In fig.!, the scattered spectrum is measured

at §0=m/vb.§/3 ; the scattered power indeed is
peaked at this value, as shown in fig.3(dashed

curve ; the width is given by the resolution).

The spatial growth rate of the instability
has been measured, using probes, between 20

cm and 70 cm from the electron gun. It was

found to be v 0.1 em = for ip=70mA.This vaTue

J is in agreement with the theoretical growth

i 0 1 2 rate for the hydrodynamic instfbi}ity as gi-

3 <up2>/02 ven by 0' Neil and Malmberg / 2_/, taking

! into account the radial density profile of
& Fig.1: Measurements at the plasma and the ratio of beam radius to

‘ 2.6 GHz and ib=70mA.

1) Scattered power ver-—

sus average electron tion and decay are observed with probes as

density at d=100cm from

the electron gun
k,,=3.4cm™1, Pl e

i Zf/Capacitive probe si-

1 gnal,radial position

r=16mm d=70cm. ~2I

3) Same as 2, except L ]

r=2lmm. 1 +/-\ |

{ = \\‘ +\\\‘+ 1

; Fig.2: Scattered power \, //’ e

i as a function of i //// B g
distance along the + J
beam. ib=70 mA . i

® % 30 Volts. 1 . o :
max

plasma radius 1-3_7 . Unstable wave satura-

well as with microwave scattering as shown in

= - o
£=2.6 GHz,k/, 3.4cm " d [ch

In fig. 3 the k/l spectrum of the unstable waves is shown in two
different regimes ; in the exponential growth (linear) region, the

measured width is exactly the instrumental width ; in the nonlinear
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decay region, the measured spectrum is considerably extended towards
higher k// vectors, although the scattered frequency is maintained
constant. This proves the existence of waves with phase velocities
much smaller than the initial beam velocity : 0.4 < $h/vb<1. A scat-
tering measurement of the perpendicular wave vector shows that the
unstable mode is axisymmetric with a diameter of ~3cm, in agreement

with radial probe measurements (fig.1).In the saturation and decay

192

T

T T T T ——qregime, the beam velocity dis-
tribution is found to spread
considerably, primarily towards
1smaller velocities. For example,
|for ib=70mA, E=6,5 keV and at

a distance d = 150 em, the ener-

\E\{\ _gy spread AE is 2 keV and the
There=—

H (\u javerage energy 5.7 keV.
i P x |Eore, one can assume that the
4 - enlarged k// spectrum interacts
é ; 1h resonantly with the enlarged
k” (cnfq) beam distribution function.

Fig.3 : Scattered power at f=2.6 GHz

as a function of k

________ . ' at//point A in fig.2

at point B in fig.2

The fluctuating density and potential of the plasma wave can
be estimated by using the absolute calibration of the microwave scat-
tering system.At the saturation level of fig.2, the fluctuating density is
2 IIJ.S.ll'.)Hcm_3 (integrated over the system resolution Ak and Aw) 3}
this corresponds to a fluctuating potential of 30 # 10 V and an elec~-
tric field of 110 * 30 V/cm. This }otential is of the order of the
threshold for trapping of beam electrons in the hydrodynamicaly un-
stable wave / 4_/ . It also is coherent with the measured width of the
beam energy distribution as given by a.trapped particles model
AE/E ~ 4(&¢/E)1l2. However, there is no evidence for particle

trapping in this experiment.
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One can also explain the observed spread in the beam velocity
distribution function using a model by Tsytovich [_5_7 5 it considers
the velocity space diffusion of the beam electrons which are resomant
with one wing of the finite width (&Yk) wave spectrum in the linear

regime, After a modification of Tsytovich's expression for finmite

beam and plasma, one obtains an energy spread of %600 eV in the labo-

ratory frame, using a potential of 20 Volts. This model obviously has to be
modified when the linear hydrodynamic dispersion relation is no longer

valid 1—2_], and can only explain an initial widening of the beam

distribution.
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Electromagnetic Instabilities, Filamentation and Self-Focussing of a
Relativistic Electron Beam, Martin Lempe and Roswell E. Iee,
Naval Research Laboratory, Washington, D. C., 20375, U. 8. A,

Abstract: We report on theoretical and computer simulation studies of the
Weibel or "pinch" instability of a relativistic electron beam propagating in
a plasma. 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 consisting of beam electrons, counterstreaming plasma
electrons, and an immobile neutralizing ion background. Both beam and plasma
are initially homogeneous end infinite in extent. The computer simulation -
code is relativistic, fully electromagnetic, has periodic boundary conditions,
and is two-dimensional in the sense that spatial variations are permitted only
in the plane perpendicular to initial streaming. Thus electrostatic two-stream
instability is ruled out, but purely growing electromagnetic instability occurs,
for wave vectors k perpendicular to streeming. The linear growth rate is given
by 62 = !qDE‘Y'l(v/c)z{lﬁwpa/kaca)-".-(ﬂe/ ¥)2, for the case of a cold, weak beam.
Stabilization thus occurs if B, is so large that O 2 y‘f aubv/c. Also, 6 falls
off if the transverse beam thermal energy exceeds < pj_a > /pza 2 nh/np Y.

We have simulated and studied in detail a variety of cases: (la) Weak beam
(np/nb =9Y; § =25, Bz ; = 0» beam
warm (<pf >"/2/pz =0.14); (1e) np/n.b =9, B, #0, Q =0.4 @, beam and plasma
cold; (2) Strong beam (np = nb}, 13z =0, beam and plasma cold. Although the
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. The principal features of the development are as follows.

=0, beam and plasma cold; (1b) np/n.b =9, B

During the initial stage, many unstable modes grow, in good agreement with
linear theory. The instability 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 fy << ni‘ initially, the beam breaks into many distinct
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narrow filaments. Each beam filament is compressed, by its self magnetic
field, until its density reaches that of the background ions. At this point,

the plasma electrons are totally excluded from each filament, further compression

is prevented 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 parsmeters, from the filament separation, which is of the order
of the dominant linear wavelength. However, the filaments are mutually attrac-
ting through (plasma-shielded) magnetic forces, so that during the nonlinear
stage, they coalesce (over a period few X 103wp'1 typically) into fewer and
fewer filaments. Finally, the beam recombines into a single current filament,
at the density of the background plasma, and from which the plasma electrons
have been expelled. The magnetic energy has grown to the point where

Bq,E/Brr n.bmca‘v'- v/ ¥ and comparable plasma heating also occurs.

Our nonlinear study thus far is restricted to the case of an infinite
homogeneous beam, with effective vy S 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 following reason. Since the beem electron longitudinal mass me'v far
exceeds the plasma electron mass o, 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 fully 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 i3 less than 50% neutralized at the end (but in a periodic
simulation system, this does not produce a focussing force).

Since the final result of the Weibel instability is to expel the return
current from the beam, we may expect that this will prevent propagation of an
(initially current neutralized) beam with vy >> 1, in the absence of a
sufficiently strong guide field. In fact, it may be possible to tune the
propagation length by carefully choosing Bz.

Lampe and Iee, p. 2
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Beam (left) and plasma electron (right) spatial densities, at time 8.t =160,
for Case la, cold beam, npsan initially, Bz-: o0, ¥=2,5.




EXPERIMENTAL INVESTIGATIMS (N HIGH-CURRENT
BEAMS OF RETATIVISTIC ELECTRONS

L.I.Rudakov, V.PeSmirnov, E,Z,Tarumov, S.S.Kingsep,
I.,V.Koba,; V.D.Korol'ev, G.P.Maksimov, I,L.Sidorov,
A.MeSpector, A,DeSuhov.

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

In the last years the technique of producing highecurrent elec—
tron beams has been intensively developed 15243 « In Kurchatov Inati-
tute experimental investigations on plasma heating by high power ele=
ctron beams have been carried out using four fast pulse generators.
The parameters of these beam installations are presented in Table 1.

Tabee 1

Maw
f.hhl'l Beam|Pulse | . | Fowming |Match | Water |
Gensrator cunent|dunal Diclectic Line :mh:ﬂ swileh :'
) ?:‘ﬂ" ::iw (kA) m“uu‘ n l.
Naptune 2 |800]30 | 40 | water u:‘t‘::;'“ jo d::d :
MS 5 [Woh0 [40 [ ey [Dumbne fgp |t

Blumline 225 six

cooral channeds | '

Taiton 15 | 500 (220 | 30 | water

Uaal 12 |600 125 | 50 | wuter |coaxial 25 ‘_.,,:::d

As follows from measuremenis of breakdown of deionised and de-
airated water, the strength of electiric field in forming lines with
a water insolation can reach up to 20 =25 kv/cm for the whole elec=
trode surface equal to 104cm2 and the effective time of the order
of 10'7aec. The charging time of the pulse forming lines was dec=
reased by application of low inductance Marx generator with oil iso-
lation ("Ural" gemerator) or the intermediate water capasity ("Tri-
ton" generator). The obtained charging time was aqual to 0,15/u Bsec
in the first case and less than 0,10’4 sec in the second case,

The fast charging of forming lines ensured the possibility of
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using the water selfbreakdown switches. As have been shown from
model experiments with one chammel 100 kv water switch the optil-
mum current risetime was <10 nsec for the line impedance in the
range of 5 = 155, These results were confirmed at "Neptune", The
current risetime at "Ural™ was about 15 nsec at 2,5 2 1mpedance.
The posibility of multichannel switching of a forming line with

1% impedance was studied at "Triton" machine, Ussuly four channels
from six were switched and the total spark current risetime £ 15nsec
was obtained,

The influence of the plasma injected into m cathode = anode
gap on the beam current densiiy was investigated in speclal ex-
periments., As a result the beam current density lncreased more
than ten times 4 °

The beam propagetion in the neutral ges was studied in the 60cm
long drift chamber., The measured value of return current in the
plasma produced by beam was in accordance with the resulis of nume-
rical calculations of Taunsend's ionisation by induced electric
fields °

The maximum efficiency of the beam energy propagation reached
approximately 60% with the air pressure being equal to 2 torr
wlthout the external magnetic field, and 75% if Hpy=3,8 koe.

The poseibility of the beam transportation across e magnetic
fleld was studied ai "MS"™ gemerstor. The electron beam was injec-
ted along the cylinder filled with the alr and inserted in the drift
chamber at H, {1koe. The drift chamber was pumped out up to 1074
torr. The gas pressure in the cylinder varied in the range of
0,5 = 1 torr, The cylinder was made of thin swluminium foil (the
thickness was 1.2 10-2mn) and according to our idea it had to imi-
tate a plasma channel for the beam injection experiment in & clo=
sed trap. When the beam wag deflected by the extermal magnetic fi-
eld and went out of the cylinder the return current can be closed
in such a way that the current along the cylinder would be equ-
al to the current of electrons which leaved the channel, If the
self magnetlc field of the beam Hy was more then 2H, , the beam
could not leave the chanmel, The light emmlted by the plasma
produced by the beam in the magnetic field in the absence of the cylij
nder 1s shown in Flg, 18, The radius of curvature of the beam tra-
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jectory was roughly equal to the Larmour 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 of the cylinder was approximately equal to the diame-
ter of the beam trajectory in the drift chamber with a uniform ga-
geous filling, The efficiency of the beam iransportation across
the magnetic fleld reached 80-100% in these experiments,

Fig.1 8 Fig. 1 be
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iNTERA.CTION OF MOHOENERGETIC ELECTRON BEAM WITH
DENSE PLASMAS.
A.A.Ivanov, V.V.Parail, T.K.Soboleva.

L.V.Kurchatov Institute of Abtomic Energy, Moscow, USSR.

The interaction of a monoenergetic electron beam with dense
collisional 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 freguency.

In the present paper the nonlinear regime of interaction of
the electron beam with collisional plasma is treated when the beam
density n.b is much less then that of plasma &N . For investigati-
on of relaxation process of the electron beam passing through the
dense plasma the machinary simulation method was used. It is well
known mow a beam of charged particles when penetrating plasma gives
rise to the exitation of instabilities. 'ne amlpitude of electro-
static potential when Dyn is small enough and the condition of
applicability of linear theory for the plasma particles is fulfill=-
ed. The basic assumption mskes it possible to describe plasma as
continuous medium and to use numerical simulation for the beam par-
ticles only. This method, which can be named as "partialy numeri-
cal simulation method" ‘was already successfully used for the inve-
stigation of electron beam interaction with collisionless plasma./1{

The problem described here was made for two cases: x“(\‘((x)‘gand
xz<wr'-<\" HereV - is the frequency of collisions in plasma,bqre—l-an—

gmuir frequency of plasma., The linear grouth rates of instabilities

are described by the folloing relations:
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2\ . i
(W= tdpe. | X,:(‘”_"r_%’ﬁ) ;W= e LWpe XZ:(% KU\))IZ (1)

vhere (A_)b(,_:(hg%b)jfz , U —the initial beam velocity.

I. The interaction of electron beam with plasma when ¥;4V< Wpe /2/.
The frequency of the wave arising in plasma as a result of The

development of a beam-plasma instability is close to OJFE and the

influence of higher modes with frequencies NUpeis expected to be

negligible, because their amplitudes E11=-%eﬁ!%|- are small compar-

ed to E1. Hence for the amplitude of growing mode we have:

E(xt) = E(+) QIP{£K9X~ { ‘:}%“-_t 5 Ca(t)} (2)
where E(t)-the amplitude andd (t)-the phase of the wave are slowly
varying functions of time. The scale time of their change is of the
order of fc~K';‘»>wl;é. Existance of two scales of time is essential in
this case and makes it possible to find slowly varying values by
averaging over fast varying coordinate S: k,x-%t. Making use of |
equations of motion and continuity and Poisson equation, substitu-
ting electric field in the form (2) we obtain after decomposing for

fl real and imaginary parts the equations for the amplitude and the

il phase of growing wave: 25 5
2°Ne
2E - RFE -Dewd d
f - (3)

E

(here we put B =1 for simplicity).
p ¥

| 24 _  2ecope [ 2Ms
ot~ ZS e %

Continuous electron beam we simulate by separate particles there-

fore density of the beam can be written in the form

HC(E,'{:)-'-‘ %F’Zﬁig(g_sP({D | (4)

vhere summarisation is expanded over all particles, SP -is the Lra-

jectory of the p-particle . Substituting (4) in equations (3) we
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obtain after normalization:

d 0 +y . .
fz _--_[e - B Zm{@;n)f‘#%ﬁﬁ |
(5
dl‘: 2;{1 m—i'(}os%ﬁ‘-‘"t) _§P+alpzk}

Here E-_— E/EW ’Em SEOJPEN " "C—-h’f(:_
Equations (5) with equations of motion for each particle of the

beam: 4
P = - & Sn (Gprad)

(6)
dSP = M, where e = E'_K.L%J-ﬂe

fully describe the system beam - plasma,
The system of equations (5), (6) was solved by computer., The num-
ber of particles was varied from 250 to 500, The results of machi-
nery simulation shown 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 Xi/k_ within the time
period of the order of some growth rates times, which results in
decreasing of instability. The initially monoenergetic beam ther-
malized and now passes easily through plasma. To understand this
fact we have to take into account that for monoenergetic beam
(Y>KVep) energy of waves is negative and collisional frequency
(dissipation) causes the instability, meanwhile for the thermaliz-—
ed beam (X< KVig ) energy of the waves is positive and V_>X causes
strong damping of the waves.
II. The interaction of electron beam with plasma when 524 e_<.\7 / e/,
In a case of a dense plasma (V>Wye) the linear growth rate of
beam-plasma instability is proportional toJK (2). Therefore it

could be expected that in this case thermalization of beam does not
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cause stabilization of instability. Using the same approach as in

the part I, we have

a )
Epi = Tflﬁ{_(én st (p-0) §,)? +(;£: m(p-i)g?f} .

& mo s
-l P (T2} TRy,

where [ -is the number of mode having the maximal growbth rate,

(1)

f.=1,2,5... « The results of machinery simulatiqn shown on fig.% and
fig.4 indicate that as velocity spread in the beam increases the
modes with shorter wave numbers become instable, Therefore insta-
bility takes place all the way and effective transfer of beam ener-
gy in plasma waves and then in plasma particles occurs.
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ANOMALOUS RESISTIVITY AND RELATED HFCRﬁFIELDS OF A TURBULENT PLASMA COLUMN
by W.R. Rutgers, H. Schrijver, H.W. Piekaar, and H. de Kluiver

Association Euratom-FOM, FOM-Instituut voor Plasmafysica

Rijnhuizen, Jutphaas, The Netherlands

ABSTRACT

A turbulent plasma has been made by the discharge of a capacitor across the

column of a hollow cathode arc in a magnetic field. The anomalous resistivity for

different gases, its relation to

microfields observed by microwave radiation

emitted and the appearance of Stark satellites in hydrogen are reported.

The resistivity measurements
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For the technical description and the ex-
perimental procedure we refer to earlier
publications [1].

The anomalous resistivity (R) of the
turbulent plasma has been measured simul-
taneously with the microwave radiation (P)
emitted by the plasma around w ~ 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 R and P is found as
a function of time (Fig. 1).

In the first few hundred nanoseconds
the parameters which characterize the plasma
state are the initial ones as has been argued
in Ref. [2]. On a longer time scale the ex-
pansion of the plasma column and the ioniza-
tion of neutral gas change the parameters.
Therefore, the plasma conductivity o and the
corresponding effective collision time, Toff?
have been computed only for the initial stage
of turbulence as the dimensionless parameter:

Teff¥e = c/cowpe (Sl-units).

Fig.l. The recorded signals of an experiment
in hydrogen as a function of time.
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The effective collision time has been given in Fig. 2 as a functlon of the plasma
density for experiments in H, He, Ne, Ar, and Xe. From the curves of Fig. 2 the
average values at densities of 2, 5, and 10 % 10'® m~* have been taken to plot
Togfllpe 25 2 function of the ion mass in Fig. 3. At the density of 2 x 1012 m™?

the conductivity does not depend significantly on the ion mass. At higher densities

the conductivity increases with a small power of the ion mass.

T T T
104 " Fig.2. The effective collision fre-
u s b Ll
< quency, expressed as a number of
- plasma oscillations, as a function
2 of the plasma density for experiments
102 L ] in different gase?. The electric
field is 45 kV m~ - and the magnetic
field is 0.4 T. Relatively few ex-
periments have been performed in Ar.
10%
[}
10*
m»)
Fig. 3. .
The effective collision 3
frequency, expressed as =
a number of plasma oscil- 5 2
lations, as a function 10
of the ion mass at dif-
ferent plasma densities.
The points are taken as
average values from Fig.2. """”é ne.=2910"m
g g
2 1 |
- 1 | 10" | I 10%]
H He Ne Ar Xe

— mj

Although the experiments cover the range = 0.05 - 0.8 wpe a dependence upon

the confining magnetic field is not found [2]. As a function of the applied elec~

tric field the plasma resistance increases almost linearly with the electric field.
The drift velocity in the initial stage of turbulence, at the time when the

resistance is measured, is in the order of § =~ 20 - Therefore, the turbulence

must be due to the growth of ion-acoustic instabilities. The agreement of the

effective collision frequency, Vs = T -!, from the experiments with the values

eff
from the computer simulations of Biskamp and Chodura [3] is noted and we attribute

the saturation of the ion-acoustic instabilities to the trapping of ions.
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The HB profile

The HB profile is scanned in steps of 1/3 S at relatively high plasma den-
sities. The spectra are time averages over 0.5 psec from three successive shots.
Side on observations are carried out with a polarizer between plasma and mono-
chromator. A specimen of a spectrum is given in Fig. 4. The HB line is split up

symmetrically by quasi-static fields from ion-

100 )
acoustic waves (fac ~f i) and by electron-plasma

waves (fL " fpe) as indicated in this figure.
This was also reported by Berezin et al. [6].
Fig. 4.

H, profile for t = 1 - 1.5 usec. The electric
f%eld applied to the plasma column is 45 kV m~!

and the density is 102° n”3, The orientation of
- the polarizer is parallel to the discharge axis.

—= intensity (arb.units)
o
o

into three components is suggested.
-8-6-4-2 02 46 8

s Fig.5 a: At the position of the Balmer line a peak
—= 2 (A) 9-52 3 d

is present which is thought to be predominantly
emitted by the cold plasma boundary. Fig.5 b: Components clearly symmetrically
arranged around the central peak resulting from the quasi-static field. Fig.5 c:
Satellites at + 1 R and less clear at sk R are due to electron-plasma oscilla-

tions. The satellites at + 1 R can be swallowed up by the central peak.

The time evolution of the side-bands is shown
in Fig. 6. In the first 0.5 usec streaming instabi-
lities are excited resulting in satellites near fL
and 2 fL' 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 neutral hydrogen atoms.

—= intensity (arb.units)

Fig. 5. ;

H, profile for plasma conditions given in Fig. 6.
a central peak b first-order quasi-static Stark
components ¢ satellites due to electron plasma
oscillations.

-8-6-4-2 02 46 8
The interaction can result in allowed transitions, — BRI
symmetric with respect to the unshifted forbidden central component, due to the
addition or absorption of one or more plasmons. f, satisfies the dispersion rela-
L e 252N, wit
tion f! fpe(l + 3k AD) with ki v 0.6.
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|
: Fig.6.

The discreteness of the static Stark compo-
nents can be understood following the ideas of
Blokhintsev [4] or Yakovlev [5]. In the present
case the parameter A = Aw/w = 50 - 150 where Aw is
the first-order Stark shift and w the angular fre-
quency of the oscillations (w ~v mpi)' For these
parameter values separate peaks must be observable
rather precisely near the position of the Stark
components for time independent perturbations.

The field strength calculated for ion-acoustic
oscillations.is 3-5 x 10® V/m, which corresponds
to 0.5% of the thermal energy. With a polarizer
the o as well as the T components are observed
simultaneously. Their intensities are rather in-
sensitive for the orientation of the polarizer.
This can be explained by a Cherenkov cone with a

large top angle in which waves can grow unstable.

The authors are very much indebted to
Mr. B. de Groot and Mr. R.A.A. Ambags for their
technical assistance.

This work was performed under the Euratom-
FOM association agreement with financial support

from ZW0 and Euratom.
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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. Kristiansen, M. 0. Hagler
Department of Electrical Engineering, Texas Tech University
Lubbock, Texas 79409 USA
J. Bergstrom**
Royal Institute of Technology, Department of Plasma Phys1cs
S-1044 Stockholm 70, Sweden

Figure 4 differs slightly from Fig. 2A (in the main paper) because of an
improved technique for measuring Bo. Figure 5 is the unintegrated signal 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-
Tation is thus independent of the location within the beach.

Figure 6 shows the radial profile of Bz at z = 15 cm for three values of BD.
The Bo values are representative of the range to the left of the dotted Tines in
Fig. 2B, between the dotted lines and to the right of the dotted lines. Thus,
when the wave is damped, Bz is zero at all radii. The undamped wave has a pro-
file somewhat indicative of a Jo Bessel function for all Bo'

Preliminary integrated diamagnetic Toop signals show that there is consider-
ably more heating at z = 10 cm than at z = 15 cm (see relative 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).

*This work was supported in part by the National Science Foundation and the
U.S. Atomic Energy Commission.

**Visiting Scientist.
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INFLUENCE OF FINITE AMPLITUDE WAVES ON HEATING
ARD THERMAL, INSULATION OF INHOMOGENEOUS FLASMA

A.A.Vodyenitsky, N.S.Yerockhin, S.S.Moiseyev, V.V.Mukhin,
VeAo.Rudakov.

Physico-Technical Institute Ukrainian Academy of
the Science, Kharkov, 24, USSR

Taking account of the wave processes nonlinearity has
more snd more importsnce for gnr]‘.erstand.ing of the heating
and containment of the pla.sma;‘ Research of problems with
interaction of the small number waves is often well corres-
_ponds to experimental situation snd, from other point of view,
it is more simple to understasnd a number important features of
the pi!.a.sna phenomens, as it can see from analysis described
‘b,lo'; .
1. Some decay instsbilities in the inhomogeneous plasma.

The decay instgbilitiep problem gnd its application to
inhomogeneous plasma heating is investigated 1:‘xtona:lvely In -
the recent years (see /1/ and references in it). In our work
discussed decay :[.natabili'by in Fhe regsonance layer of the inho-
mogeneous plasma. Disturbance amplitude is described by a
rollowing model atiuation

%, z 1
For 1.«}:,:} in the vicinity 12[ ,.:._‘10 1t teke plase expo-
nental grows of disturbance fleld, The amplification of dis-
turbance fleld in region of the pumping wave field singularity
by B
i *b
» Q"‘?@:;:- )




Then the decay {—+( +§ in the inhomogeneous plasma is
resea.rched: Ion~-gound oscillations are excited in a broad fre-
quency spectrum and the smplification coefficlent maximum is

e:pr_w.t.%{_ﬁ-j’uz-m%] where ¢, 1s of the pumping wave vector, )/
oscillation velocity o? the electrons in the field of this
wave, 1y Debye radiué; )
2. Overdence Plasma clarification by #elf-focusing wave beams.
For laser and high frequency heating the ove:dene? plasma
clarification by wave beams is very important pm‘blem; In the

cage of the broad wave beam and small nonlinearlty we can use

equationi "
%* 2 (e @+ aEP]E =0

If nonlinear part of a dielectric permittivity is positive )
(h>0)s it is not difficult to show the wave penetrate to re-
glon § <oon distance of order L  for origional wave
emplitude E , to satisfy by condition E',?’ >;ﬁ-¢ vaere L '=

::H‘Eni.MEl. In this case for the wave equation is valid
WEB-gpproximation, Analogous problem has been investigated

in the resonance region also.

3. Second-harmonic generation in the inhomogeneous plasma;

In this part of the work on the basis results of a 7
baper /2/ developed in strict succession the theory of second-
~harmonic generation of electromagnetic wave for arbitrary
temperature of weakly inhomogeneous plasma. This effect is
important for diagnostics and heating of the plaama: It is
pointed out that the thresholds to be important for paramet;-

ric instabilities taken place near resonance also, are absent

.




for second-harmonic ganers.tion; The second-harmonic smplitt;d.a
don't depend from plasmes temperature when the thermal elec—
tron velocity satisfy inequality V,,<c (3K,L) where ¥,
is component of the wave wector across demnsity gradient, but
for Vo, (2 ¥ /wVa ) and a broad evanescent layer for
the incident wave the second-harmonic amplitude is oscilla-

tory ﬁmctién-'“s[% -\-%’(3:{%__ c:':_i_:' J"IQ.] . It has maximum at
V"_-.:{?B: (¢, /0 i and then monotonously decreased with
’c?mperature Brows.

4, The particles and heat convact:!.ve flow in plasma at

the drift wave excitation.

It is well known that drift instebilities can lead to )
essential flows of particles and heat in the plasma (see /3/ )
For example, Mrift-dipsipative instgbllity in turbulent
magnetoplasma leads to escape of plastgs. across magnetic
field with Bohm diffusion coefficient, In the paper /5/ was
studied di:t{"."usion of the plasmg in the presence of regular
drift waves. But the results /5/ can not bellieve finished
because it was not Take into account the temperature flu-
ctuations to be important also in the case of the plasma
wilthout @:emperahx;? gradient (but in presencs of the density
gradient, ses /éfw); In present report we have studied plasma
transport across the megnetic field on the basis of ma@eto_—
hydrodynsmics fluid equations where we have taken mfo acco=
unt the heat '!?alance equation for electrons to be absent in
the paper /5/. Transport coefficients are calculated with

account of electron-ion friction, ion collision ﬂacosit‘y)
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neutral-ion friction, long:l:tudiona:l. collision heating con-
ductivity of the electrons. For example, last disgsipstive .
factor legd.s to the loss of electron heat across the magne-
tic fleld. It was disc:,ussad in the case when the two drift
harmonics are excited. Their emplitudes are functions of
following parameters: ¥,= \J"; Y "R 7a= i:‘: . %'- w&’;\(i
whereu),‘ 1s drift frequency, \).“. ’ Vo; y lon-lon and

neutral~ion collision frequences, 3,  coefficient of
electron heat conductivity per one particle.
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ICH HEATING IN A MIRROR MACHINE NEAR HYBRID
RES (HANCE

Yu.Ve.Skosyrev, NeAsKrivov, V.M,Glagolev.

I.VeKurchatov Instltute of Atomic Energy
Moscow, USSR

This pesper presents some results obtained from continuation of
the studies described in Ref, (1] . When HF 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 wells from the plasma column, '

3. To increase the strength of a static magnetic field up to
4.3 kOe.

4, To increase the power introduced in the plasma.

5 To obtain the ion energy spectrum.

6, To derive a relationship between the heated plasma parame-
ters and heating conditions.

The HF power of a generator operating at the frequency of
14(MHz. 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 coils. The cold plasma ig produced by means of the titani-
{m 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 as a function of energy. The ion temperature estimated

by this plot was 300 eV. It is seen that as compared to the Max-
wellian distribution the distribution was "enriched" by the high ene-
rgy ions. An increased neutral gas pressure in the range of 10_6-
10-5 torr resulted by only in an increased absolute magnitude of the
charge exchange current without any variations in the plot. This sup-
ported the assumption on a collosionless mechanism of acquiring the
energy by the ions. The relation between the charge exchange current [
and pressure can be expressed in the form I=I°[1+(P/Po)d] where o =2/3.
The plot of this relation did not pass the beginning of the coor—
dinatess. A possible cause of this phenomenon may be attributed to

the wall gas release when the pressure is pulsed increesed at an in-
gtant of heating. As the magnetic field was increased in the range

of 2fﬁ.3 Koe the charge exchange current was increased by a factow

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 case of a uniform magnetic field, The longltudinal energies of
the ions and electrons escaping the discharge along the magnetic
lines of force were analyzed using a multigrid electrostatic pro=

be., It was found that in the case of a uniform field the electron
energy is 80 ev, and the ion energy is 300 ev while for a mirror
geometry of the field, the longitudinal energy of the electron is

150 ev and that of the ions is 500 ev. The dependence of a plasma
diamagnetic signal on the magnetic field was of the form of gro-

wing curve with some saturation when the magnetic field was 4.3kOe,
The value nT was~ 3+10'%ev.cn™>, The lifetime of ions having the

energy I kev estimated by a decrease in the charge exchange current
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input gave a rise both the nonordinary wave (of the H-type) and ordi-
nary wave (of the E=type) in the plasma. It has been found that

at the instani of heating no enhancement of the wave magnetic field
typlcal 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 down the ordinary electromagnetic wave, It was fo-
und out irf%hat the heating occurs only when the density varied in
the range of (1,2=4) 10120m'3. Studies of the source operation showed
that after 100 Hsflux of neutral gas appeared following the initial
plasma blob., Since the period of the heating and decaying of plasma
is less thean 100uS the instant when the plasma gun switched on with
reaspect to the end of a heating pulse should be chosen so that the
neutral gas could not interfere with the investigations of the hea-
ting process.

In addition to the dimgnostic techniques discribed in [1] a
method of double charge exchange [ 3] was used to study a heated pla-
pma, Neutral hydrogen atoms produced as a resulit of charge exchange
with fast ions in the v®lume of
the chamber lefit the discharge I nT

near the mirror neck, The seconda- 107 oIt 1‘-31‘,5
7 10

ry charge exchange occured when m»'a_ y \,Jﬂ

the neutral flux passed a thin 4,040t

carbon foil, In analysis of the
energy of ions appeared as a re- 10t
gult of that charge exchange al-
lowed us to estimate the ion dis-

R 7
o Q? { {5 2 25ker

tribution with respect to the tran-
: Fig.1. Charge exchange as
sverse energles in the discharge a function of energy.

Fig.1 shows the charge exchan-
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was 15rLS and decreased as the pressure was increased. This lindicates
that the plasme energy is concentrated in the main, in the ion com-
ponent, Decrease in the plasma energy containment time compared 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 1s being performed
now to create a HF vacuum cavity, which could enable to reject from
the quartz tube deviding the volume accupled by the plesma and that
of the HF cavity. Furthermore, a new type of matching the HF genera-
tor and resonator has been desighed, It enables one to increase the

power introduced into the plasma,
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EXCITATION OF ELECTROSTATIC MODES BY A MACGNETOACQUSTIC PUMP WAVE
K.D. Harms, G. Hasselberg, A. Rogister

Institut fir Plasmaphysik der Kernforschungsanlage Jillich GmbH
ASSOCIATION EURATOM-KFA

Abstract: We have derived an integral equation which generalizes
the dispersion relation describing electrostatic modes in the pre-
sence of a magnetoacoustic pump wave propasating orthogonal to go.
Parametric excitation of ion Bernstein mcdes is discussed as an
example.

In recent years a great deal of theoretical effort has been devo-
ted to the study of parametric effects in plasmas. The problem is
directly related to that of auxiliary heating schemes, e.g. in
Tokamaks. Pumping power in the magnetoacoustic 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 we assume that the pump wave propa-
gates in the plane orthogonal to Eo (Fig. 1). Its frequency satis-
fies the dispersion relation

2 2
W . k0 Ca (1)
= Y 2
Ve k, oy /Wy
2 2 -1 _ 7. 2
whereﬁJLH = (1ﬂupi+ 1Lﬂille) and cy is the square of the Alfvén

velocity. The operating frequency must thus be smaller than the
lower hybrid QJLH at which the pump becomes evanescent.

‘The appropriate equations describing the electrostatic perturba-
tions JEJ, JY’are

3 + ( @ - (is8y D | S22 I £y 3 Sy (2)

+ (v + u.)e - + = :—_‘_ + . & c

3t _JB_I_' Bo-aTF JmJ 31 ol °J azlf’
In this equation, gg(t) is the mean velocity of the particles of
species J in the electromagnetic field of the pump wave; fJ(t) is
the corresponding distribution function in the frame moving with
velocity Uss bz(b) is the magnetic field of the pump wave. Assuming
the wavelengths of the electrostatic modes to be much smaller than
the typical length scale of the pump, but much larger than the
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€lectron Larmor radius (kRe-€ 1), the terms proportional to fJ
and b, in Eq. (2) play a negligible role, Integration along the
orbit yields after substitution in Poisson's equation

t+T (3)
Sy 4 —L [J‘L}'{t) —jdrr, exp [- qb('c):[ [J\[/(tﬂ:) expjdt ikeus (4!
=K°
CJ rt O
where ¢HT? = kz2 Cy T /2+ L cr (l-cosJ?JTD/JIJz.

In the absence of the pump, Eq. (3) where one sets JWF(t)Afenlwt

leads to the usual dispersion relation in a magnetic field:

wzJ = A

. p =27

Bt [ 18y 2 ¢TI (A z<gn,J>] (4)
where

Z(%) is the Prled and Conte dispersion function, § e nﬂ )/V_k [
and 7\ .L J/.ﬂJ L-we recall that k c N << 1 and the summatlon for'

the electrons reduces to the term n= O] In the limit kz Q (more
precisely kzceétd), Eq. (3) reduces to the linear equation (4) if
one assumes

t
S"V(t)"’exp-i Sdt" [E'Hi(t")"' wh

the same remark applies whenever k- u,=k- Yo, k, arbitrary.

We have particularly studied the nonlinear excitation of Bernstein
modes. If fdt"g-ge(t")sg-ge(t)@fl, the parametric growth rate,
neglecting linear Landau damping, is given by

ko u
_ |8 "8 -1 =1 1/2
Xpar- “a):j— ,Ee(wi)- fe("-’z)[ j(aiféw)% (35/35")“,_ | (5)
vhere £_(w) = @dge/kz) [1+ B Z(goe)] andhdll +l“%‘
Typically
kgu cE
arpar s EE%" (note that uen'—ﬁg) (6)

Wo i g
where u(,g:l,wgwo, and it has been assumed that kJ_Ri>> 1:

The dependance of the parametric growth race and threshold electric
field [the azimuthal field Eg is of order (fli/aJo)Er] upon the
angle of propagation of the Bernstein mcdes is given in Fig. 2.
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If the resonance conditions are not (approrimately) satisfied,
destabilization of ion Bernstein modes can still occur through
noq}inear electron Landau effect (h)BiLJU=szce). In this case the
groth rate is of order

1 kou

e "a, 2
(m~w = (55 0
i g
where o' £ 1. The latter result agrees with the corresponding ex-
pression for the spatial groth rate given previously by Martinov

and Samain /1/.

In inhomogeneous plasmas, the (approximate) matching condition for
the parametric process to occur cannot be satisfied simultaneously
at different points in space. The associated effects will be
discussed. Furthermore, results on parametric excitation of ion
sound waves will be presented.

It is a pleasure to acknowledge useful discussion with Dr, H. Kever.

/1/ N. Martinov and A. Samain, private communication.
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Fig. 1 Electromagnetic field of the pump wave. Propagation
is in the radial direction.
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NEW OFF-ANGLE TEMPERATURE ANISOTROPY INSTABILITY

Ronald W. Landau
Dept. of Physies, Tel-Aviv University, Ramat-Aviv

Israel

A new instability, propagating almost perpendicularly to the magnetic
field, is described, with growth rate magnitudes near the electron cyclotron

frequency. It is unstable for B, = 4nnxﬂ,/Bz > ,591 when T, = 0.

We have found a new temperature anisotropy instability propagating
almost perpendicular to the external magnetic field. The mode is polarized
quasi-longitudinally for B, < 1 and does not oscillate, i.e., it's purely
growing. The mode is obtained by solving the linear Vlasov equation, assu-
ming that T, is maxwellian, T, = 0 and neglecting the ions. Our motivation

for examining such almost perpendicular modes arises from the occurence in

(1)

the solar wind of enhanced electron density filaments aligned along the

magnetic field and from the demonstration by Taylortz) 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,, which is

the situation in the solar wind. Currents along the magnetic field also

produce an effective T, > T

; ', - The equations are most easily derived from

Landau and Cuperman{s) by assuming T, = 0, neglect of ions and m; _>>9%,
. s’

Including the ions, we believe, will increase the growth rate, but finite

T, or finite mg will decrease the growth rate. For the solar wind
e

m; _/9%))1, but for Tokomaks this ratio is about 1/5.

The dispersion relation may be put into very compact form by assuming
that the propagation is almost perpendicular so that 6=k, /k«1 while ks 1,

1
which allows the neglect of terms «0° and «1/1, (£Xzk.¥, /9_, ¥ =T,/m )
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but the retention of terms mezku. This gives

F(g-yG') + aeE = 0 (1)
where F = Zl'_a2 - 1/8, , Z,=Re 2' , Z=-Im2'
G' = 2az; , Z;=Imz , &’ =1/Re%)
g = 2+Z; . W = mi/}9_|

and Z is the usual plasma function(4), Z<g> where g=a(l+iy), a>0 and for
instability y>0. Also Z'<z>=dZ/dcz.

If we are interested only in obtaining stability criteria,
then we set y=0 in (1) and obtain

1

2L+ /@2 = 1,8h @

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 1/32 (called SUM) and drawing the straight line 1/(&‘32). For
.591<g, <1 there are two solutions, while for g, >1 there is but one. The
surprising result, that instability exists only forpx591 is due, we believe,
to the neglect of ion motion, which should give a complex solution for
all B.

Growth rates are easily obtained from Eq. (1) using the various

expansions of the plasma function in the a<<l and a>>1 limits. Thus we find

y=1/[a/m (4-m] . (-2-1/(a%8,)) .  (a<<l, g >>1)

and 2
Y

B, -1 + Sﬁi/(Zaz) , (az>>1, yz<<1,gl=l)

‘l':Z =g~1 (az>>1, B, >>1)

These results may all be verified as being consistent with Fig. 2 whose
solid lines are a computer solution of Eq. (1), while the broken lines

give the solution for a more complete equation that includes 8#0 (mot
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exactly 90° propagation) and finite values of mi/nf. The large 'a', large B
growth rate may be rewritten as 72=QI, or

w, = twp v /c (3)

which is very similar to the Neibel(s) instability, except that here
T, » T, i.e. the two equal temperatures of a temperature ellipsoid are
less than the third.

This result is also consistent with the calculations of Kalman(G)
et al. on temperature anisotropy instabilities without magnetic field for
their 'coupled mode' instability. This mode is unstable for T, > T, with
maximum growth at =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 + T, 68 + 90%-4 so that for
each solution where T, >> T near ¢=0, there is a corresponding solution
T, >> T, near ¢=90°. Thus Weibel's result goes over into Eq. (3) for
perpendicular propagation. The polarization of their wave is quasi-trans-
verse for large rates of growth, but becomes quasi-longitudinal for small
growth rates, in agreement with our results.

We wish to thank Ilan Roth for his help in the computer

programming.
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