PROCEEDINGS SERIES

PLASMA PHYSICS
AND CONTROLLED
NUCLEAR FUSION RESEARCH
1971

PROCEEDINGS OF, THE
FOURTH INTERNATIONAL CONFERE&CE ON PLASMA PHYSICS
AND CONTROLLED NUCLEAR FUSION RESEARCH
HELD BY THE
INTERNATIONAL ATOMIC ENERGY AGENCY
AT MADISON, USA, 17-23 JUNE 1871

In three volumes

VOL. 1]




PROCEEDINGS SERIES

PLASMA PHYSICS
AND CONTROLLED
NUCLEAR FUSION RESEARCH
1971

PROCEEDINGS OF THE
FOURTH INTERNATIONAL CONFERENCE ON PLASMA PHYSICS
AND CONTROLLED NUCLEAR FUSION RESEARCH
- HELD BY THE
INTERNATIONAL ATOMIC ENERGY AGENCY
AT MADISON, USA, 17-23 JUNE 1971

In three volumes

VOL. 11

INTERNATIONAL ATOMIC ENERGY AGENCY
VIENNA, 1971



PLASMA PHYSICS
AND CONTROLLED
NUCLEAR FUSION RESEARCH
1971



The following States are Members of the International Atomic Energy Agency:

AFGHANISTAN. GHANA NORWAY
ALBANIA GREECE PAKISTAN
ALGERIA GUATEMALA PANAMA
ARGENTINA HAITI PARAGUAY
AUSTRALIA HOLY SEE PERU
AUSTRIA HUNGARY PHILIPPINES
BELGIUM ICELAND POLAND
BOLIVIA INDIA PORTUGAL
BRAZIL INDONESIA ROMANIA
BULGARIA IRAN SAUDI ARABIA
BURMA ) IRAQ SENEGAL
BYELORUSSIAN SOVIET . IRELAND SIERRA LEONE

SOCIALIST REPUBLIC ISRAEL SING APORE
CAMEROON- l’I_'ALY SOUTH AFRICA
CANADA IVORY COAST " SPAIN
CEYLON JAMAICA SUDAN
CHILE JAPAN SWEDEN
CHINA JORDAN SWITZERLAND
COLOMBIA KENYA SYRIAN ARAB REPUBLIC
CONGO, DEMOCRATIC KHMER REPUBLIC THAILAND

REPUBLIC OF KOREA, REPUBLIC OF TUNISIA
COSTA RICA KUW AIT TURKEY
CUBA LEBANON UGANDA .
CYPRUS LIBERIA UKRAINIAN SOVIET SOCIALIST
CZECHOSLOVAK SOCIALIST LIBYAN ARAB REPUBLIC REPUBLIC

- REPUBLIC LIECHTENSTEIN UNION OF SOVIET SOCIALIST
DENMARK LUXEMPOURG REPUBLICS
DOMINICAN REPUBLIC MADAGASCAR UNITED KINGDOM OF GREAT
ECUADOR MALAYSIA - BRITAIN AND NORTHERN
EGYPT, ARAB REPUBLIC OF MALI IRELAND
EL SALVADOR MEXICO UNITED STATES OF AMERICA
ETHIOPIA MONACO URUGUAY
FINLAND MOROCCO VENEZUELA
FRANCE NETHERLANDS VIET-NAM
GABCN NEW ZEALAND YUGOSLAVIA
GERMANY, FEDERAL REPUBLIC OF NIGER ZAMBIA
NIGERIA

The Agency's Statute was approved on 23 October 1956 by the Conference gn the Statute of the IAEA
held at United Nations Headquarters, New York; it entered into force on 29 July 1957, The Headquarters of
the Agency are situated in Vienna. Its principal objective is "to accelerate and enlarge the contribution of
atomic energy to peace, health and prosperity throughout the world™. : :

Printed by the JAEA In Austria
November 1971



FOREWORD

. The ultimate goal of controlled nuclear fusion research is to make a
new energy source available to mankind, a source that will be virtually un-
limited and that gives promise of being environmentally cleaner than the
sources- currently exploited. This goal has stimulated research in plasma
physics over the past two decades, leading to significant advances in the
understanding. of matter in its most common state as well as to progress
in the confinement and heating of plasma. An indication of this progress
is that in several countries considerable effort is being devoted to design
studies of fusion reactors and to the technological problems that will be en-
countered in realizing these reactors.

This range of research, from plasma physics to fusion reactor en-
gineering, is shown in the present three-volume publication of the Pro-
ceedings of the Fourth Conference on Plasma Physics and Controlled Nuclear
Fusion Research. The Conference was sponsored by the International Atomic
Energy Agency and was held in Madison, Wisconsin, USA from 17 to 23 June
1971. The enthusiastic co-operation of the University of Wisconsin and of
the United States Atomic Energy Commission in the organization of the
Conference is gratefully acknowledged. The Conference was attended by
over 500 scientists from 24 countries and 3 international organizations,
and 143 papers were presented. These papers are published here in the
original language; English translations of the Russian papers will be pub-
lished in a Special Supplement to the journal Nuclear Fusion.

"The series of conferences on Plasma Physics and Controlled Nuclear
Fusion Research has become a major international forum for the presenta-
tion and discussion of results in this important and challenging field. In
addition to sponsoring these conferences, the International Atomic Energy
Agency supports controlled nuclear fusionresearch by publishing the journal
Nuclear Fusion, and has recently established an International Fusion Re- -
search Council. The primary aim of this Council, which had its first
meeting. in conjunction with the Madison Conference, is to promote inter-
national co-operation in controlled nuclear fusion research and its applica-
tion. By these activities the International Atomic Energy Agency hopes to
contribute significantly to the attainment of controlled fusion power.



‘ EDITORIAL NOTE

The papers and discussions incorporated in the proceedings published
by the International Atomic Energy Agency are edited by the Agency's edi-
torial staff to the extent considered necessary for the reader's assistance.
The views expressed and the general style adopted remain, however, the
responsibility of the named authors or participants.

For the sake of speed of publication the present Proceedings have been
printed by compcsition typing and photo-offset lithography. Within the limj-
tations imposed by this method, every effort has been made to maintain a
high editorial standard; in particular, the units and symbols employed are
to the fullest practicable extent those standardized or recommended by the
competent international scientific bodies.

The affiliations of authors are those given at the time of nomination.

The use in these Proceedings of particular designations of countries or
territories does not imply any judgement by the Agency as to the legal status
of such countries or territories, of their authorities and institutions or of
the delimitation of their boundaries.

The mention of specific companies or of their products or brand-names
does not imply any endorsement or recommendation on the part of the
International Atomic Energy Agency.
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Abstract — Assorauns B

ADVANCES IN RESEARCH ON TURBULENT HEATING OF A PLASMA.

New experimental data are presented on turbulent heating and on the magnetic confinement of turbu~
lently heated plasma. The physical state of the plasma has been investigated under condjtions of turbulent
heating by a current, shock waves and an electron beam. In the NPR-2 device the change with time has
been studied of an epithermal uitra-high-frequency radiation spectrum, and the Stark profiles.of the optical
specteal lines have been analysed. The results confirn the ion-acoustic mechanism of anomalous resistance
of the plasma. The strong anisotropy of the mrbulent jon-acoustic oscillations is demonatrated. The energy

* distribution of the ions during turbulent heating of the plasma by the direct dischirge current has been
measured in the TN-5 device. 1In the “Vikh-2" toroidal ttap the relationship has been investigated between
the anomalous resistance of the plasma and the mass of the fons, In the T-2M toroidal trap ah investigation
has been catried out of turbulent heating by a cutrent pulse, the direction of which colncides with that of the
quasi-stationary current. Anomalous resistance occurs when U/Cs > 6 and is caused by fon-acoustic ex- .
citement. New data on the confinement of turbulently heated plasma have been obtained with the "Vikhr=-3"
‘toroidal device. On the basis of the Stark broadening of the spectral lines of hydrogen and helium in V-2
it was established that upon the passage of a shock wave intense-electric oscillations are caused at ion-
acoustic and Jower frequencies. A method-of electron-~optical analysis of the Stark profiles of the spectral
lines was alyg applied in an experiment on the interaction of an elecuon beam with the plasma {n the PN~2
device, Which showed that an clectron beam caused intensé Langmuir oscillations in the plasma.

NIPOI'PECC B HCCNENGBAHHH TY PEYJEHTHOI'O HATPEBA NMNA3IMBI. .
TIpHBOANTCH HOBHE SKCIOPHMEHTENBUEE AaHHME 0. TYPSYASHTNOM HATPEBE H MATHETHOM

yaepxauny TypbyneuntHo HarpeToft miasMu, Hccnesopano dusunecxos COCTONMM® NIA3MM B
yeaopuax typSyNieHTHOTO HArpeBa TOKOM, YAAPHEIMH BONMNEMHU H SReKTPOHHNM nyuxom. Ha
yerinonke HRP-2 HayueHo usMeneRie BO BPeMeHH CNEKTPA KAATENNOBOrO CBY-usnyuenns n
RPORHANUINPOBAH WTAPKOBCKHE NPOQUIH ONTHYECKHX CMEXTPANBMEX NuHWR, Pe3yXsTarTsl moA-
TBEPA NANT HOHEO-3BYXKOBOH MEXANH3IM aHOMANBHOIO CONPOTHSAERHN MAA3IMEL. O6uapy meHa

" CHABHAN RHNSOTPOMAS TYPGYACHTHIX HOHRO-IBYXOBMX KoneGanult. - DuepremuecKoe pacipese-
Nlesie HOHOB NPK TYPCYACHTHOM HAIPOBE NARIMM TOKOM NPEMOTIO. DASPAAS HIMEPSHO HE. yeTa-
Hosxe TH-5. B ToponaansioR sopymxe "Buxps-2° HCCAOAOBANS JABHCUMOTTS SHOMAABHOLO
CONPOTHBAEHMS ITAIMM OT Maccs HoHOB. B Topouainskolt noBymxe T-2M nccnezosan TypGy-
JSHTHH A HATPER UMNYNLCOM TOKA, COBMARALWHM MO HANPABNCHHI C KBASHCTAUMORADHIM TOROM.
Anopansupe ConpoTHENEHMe BOINKXAFT NpH yCAcBHM (U C;')2 8 u ofascuseTcy Bo3Cyxaénuen
HOHHOTO 32yX3.  HOBM® fasHMe 06 yAepRaHul TYPOYACHTHO HAIPETON IAASMH NONYHEHA HA
ToporARnbHOR ycTanorxe "Buxps-3", Ilo mrapKkoBCKoMYy YRHPOHNIO CHOKTPANBHNX JHNRE BOAO-
PoaR H renus wa ycraHopxe YB-2 ofHapyxeHo, uTO MpH MPOXORAGHMH YaapuoR BoAHM Bo3Gyx-
ZADTCH HATEHCHBHI® INGXTPHUSCKIE KONESaHMN Ha HOUHO-3BYKoBO K SGAée MMIKUX YACTOTAX,
MeToauKa 3NeXTPOHHO ~ORTHYECROTO RHANUIA MTAPKOBCKIX npodureft clrexTpaaLHLIX Auswil Sare
na npmaqnena TAKXKS® B SXCNEPHMENT® IO BPIAYMONLACTIND SASRTPONHOrO MYUKa ¢ nAdoMoll na .
yctanomxe ITH-Z  noxasana, 4To snexTpoHMuf nysok Bo3GymzaeT B NAAIME HHTOHCHBMMS neur-
MIpOBCKHE xo.n(e&mu. . i



4 3ABORCKHH u ap.

BBEIEHHE

B 1961 roany, Koraa HCCA€AOBAHHSA YNPABAAE€MOro Te€PMOAAEPHOTO CHH=
Teaa GBIIM OMpPAaueHbl NOXBJAEHHEM BCe HOBHIX M HORHX HeycTOHUMBOCTeH, npe-
NSTCTBYWUIMX YIAEPXaHUK [UIa3Mbl B MaTHHTHLIX IOBYWKaX, B UHCTHTYTe aToM=
uolt sHeprun uM. M. B, Kypuaropa 6HA0 BHCKa3aHo nNpeanoxeHue Bo3byxaars
B riasMe MejKoMAacmTabHie HeyCTOHUYHBOCTH Ana ee adPexrusHoro Harpe-~
Ba [1]., Tax 6pn# HAYATH HCCAEAOBAHHI TYPOY/ZI@HTHOro Harpepa IUIA3MSL,

T, e. TpaHcdopMalHK YNOPAAOUEHHOIO ABUXEHHA YACTHI IUIA3MM B XaoTHYEC™
KoOe TeIUIOBOe 33 CHeT ZUCCHNAUMK SHePruM Ha TypOyNeHTHBIX myJibcauusx,
BO36yX1aeMbIX 9THM YNOPANOUCHHHM ABHXEHHEeM. 3a MCTeKlee BpeMs BO3~
MoxHOCTe 3§ PexTusHoro "6eccToNKHOBHTENBHOTO" HArpeBa MAa3Mbl, OTBe~
yaowerc Gopmyne TypSynenTHoro Harpesa, Ghna nOATBEpXAEHA B CAMBIX pa3-
Hoo6pa3HHX NOCTAHOBKAX 3KCNEPHMEHTA, A€ polb YNOPAAOHEHHOIO ABHXE-
HMS 9JIeKTPOHOB WIpaJjl 3/eKTpHYecKHit Tox B niaasme, Texymult Baons uay no-
rnepex MarH¥THOTro nong, Ko BTOpoMy €ay4dld OTHOCHTCA HATDEB NIa3MEl HH-
TEeHCHBHOM MarHHTHO~3BYKOBOH BOJNHOH HJIH YAAPHOR BONMHOH, aHHUTHAALHR
BCTpeuHbIX MArHHTHHX noneft {1-3]. K nepeoMy — HarpeB TOKOM NpPSMOro
paspana B 3epKanbHEIX' MATHHTHHX JoBYymKAax [4] u ToxoM, Texymum BAOAE
06X0%4 NIa3MEHHOr o MHYpa B 3aMKHYTHX cHcTeMax [5,6]. TecHo npuMzixa-
eT coOa HATpPeB IUIA3MH BBOAHMHM HIBHE 3AeKTPOHHKM fyuxoM (7] u axo-
ManeHb#t BU-warpen (B TOM UYHCAE HATPER HOHOB MATHHTHO-3BYKOBHMK BON-~
HaMH MaUIOH aMIIMTYAH H 3/1€KTPOHHO-LUHKIOTPOHHEIA HArpeB B CHABHEIX Ne~
peMennsix nonsx [8,9]). Taxum ofpaszom, TypEyneHTHHIH Harpes B HACTOR -
mee BpeMs OXBATHBaeT MHPOKHHA KNAaCC 3IKCINEPHMEHTOB, O65e AHHACMIX MeX~
ny coBofl no TOMy NpPU3HAKY, YTO QUCCHNAUMR IHEPTHH BMEHMHEro 3JeKTPOMAar-
HHUTHOT'O MONA B IUIa3Me NPOMCXOAHT He 38 CHeT MApPHHNX KYy/JOHOBCKHX, @ 38
cyeT KONANeKTHBHHX B3auMopeficTBuit, IIporpecc B crons mupoxoh obnactH
HCCnenoBaHHH cBsi3aH, C ofHOM CTOPOHH, ¢ yCTaHOBAeHHeM obmHuX 3aKxoHOMEp=
HocTell Ang sBneusmit, KOTOphHe MOTYT CYMeCTBEHHO pa3JMvaThbcA B AeTANAX,

C ApYTO# CTOpPOHB — B AETA/bHOM AHANH3E OTHENBHHX YACTHHIX CAyHaes ¢
TeopeTHyeckuMm obpacHeHneM Bcex ocolenHocTell mexanuama spaeuns. 06—
mue feHoMenonoruyeckue sakoHoMepHocTH TypbynenTHoro Harpesa SF 1 yc-
TaHOBJEHH Ha MpeANAYMUX ITaNax Hccnexosauuit (1,5,6,10-16]. Batao amaB-
JIEHO caeanywiee;

1) BoalyxaeHke TOKOM HEYyCTOAUUBOCTH C XAPAXTEPHHIM Pa3MepoM Mac-
mTaba ae6aeBCKoOro paaHyCca MO3BOMASET HATPETH NAA3MY C [UVIOTHOCTHID JO
1011 - 104 cm? g0 Temneparyps 103 - 10* 3B 3a Bpems, MeHEmee OAHOTO Ky~
JIOHOBCKOI'O CTOJIKHOBEHHA. ,

2) Ilpu KOCTATOYHO KOPOTKOM BpeMeHH Harpesa 3ddexr nosumeHus anc-
CHNAaUHH IHEePTHH Ha TYPOYNeHTHHX Ny/AbCAUHAX 3HAYHTENbHO NPEBOCXOAHT
3¢ dexT noNONHNTEBHBX NOTEPH.

3) Nocne npexkpameHus Harpesa MeakoMacmrabuas TYpOYNeHTHOCTh Ha-
CTOABKO GHCIPO 3aTyXaeT, YTO BO3MOXHOCTH AansHelimero yaepXxaHna Ha-
rpeToit Ia3aMEl ONPeleNnAWTCH TONBKO CBOACTBaAMH cooTBeTCIRyRNIeHl MarHuNT-
HOW NOBYWKH.

4) Od dexrHBHOCTL TYpOYNEHTHOTO HarpeBa BesHKa, JOCTHrasa B OTAeNb~
HEIX onsiTax 30~50% Aaxe NpH TeMMnepaTypax mopaaxa 10°- 104 oB,

5) B ycnoBusax TypOy/neHTHOro Harpepa yleNnbHOE CONPOTHBNEHHE NIAa3~
MBI 2HOMAJIBHO BEeJIMKO H onpenenseTcs ypoBHeM MenxoMacmrabHolt Typby-
JIEHTHOCTH.
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6) O dexr yberanns sneKTpPoHOB B YCAOBHAX TypOyJeHTHOTO Harpesa He
HabmonaeTcs, XOTS 3/J€KTPHYECKOE NoNe B I1a3Me B THICSYH pa3 NpeBhlmaeT
npeaen Hpaficepa,

Mocne BEIsIcHeHHs 0OmMHX 3aKoHOMepHocTe# GonbWoe 3HavyeHHe ANA NpPOr-—
pecca uccaenopakuit TypOymeHTHOTO HarpeBa H, B YACTHOCTH, ANA PA3BHTHA
TEOPHH HMEeT JeTa/bHOe HCC/eA0OBaHHe MHKPOCKOMNUYecKoH KapTHHH TypOy-
TEHTHOT'O COCTOAHHA IIa3MHl B KOHKPETHHIX 3KCMepUMEHTax. B JaHHOM JIOK-
jaje OpHUBOIATCA HOBHE€ Pe3yNbTAThl .0 HCCJIEAOBaHHI MexaHusMa Typby-
JIEHTHOT'O HarpeBa IV1a3MBl TOKOM Ha ycTaHoBkax HIIP-2, TH-5, Buxps-2,
Top-4M npu mioTHocTH naasmer 1012 - 104 em™® u wanpsaxennocrs Buemuero
aneKkTpUYecKoro noas 10-400 B/cm. B srux onkiTax, noMuMo obmeynorpe-
6HTEeNbHBIX, MCNONL3OBAHH CHELHAJbHEE BHAN AMArHOCTHKH, paspaboTaHHEIe
ANnd 3THX BccaenopaHui. PeaynsTaTH HccnesoBaHus TypSyneHTHOrO Harpe-
Ba NAAIMEl TOKOM, TEKYIWHM BXOAD MArHWTHOIO NOAN, CONOCTABAAAMCH C NO-
Ka3aHHAMH TeX Xe CPeACTB AMATHOCTHKH B ONITax NO HarpeBy naasmsl 6ec-
CTO/IKHOBHTE/IEHOR yAapHOH BoNHOR (ycTaHoBKa YB-2) M 3/eKTPOHHBIM nyu-
koM (ycraHoBka IIH-2). B aoxknale paccMOTPEHO Pa3BHTHE TEOPHH Typby-
JIEHTHOIO Harpesa,
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Puc, 1. 3aBHCHMOCTL OTHOHEHKS TOKOBO# CKOPOCTH 31€KTPOHOR Up x cxopocrtu HoHHOrO asy-
xa C; OT MAOTHOGTH NARIMN B OTKPHNTOR MarsurHoll nosymxe HIIP-2,

Ycaosun onkiTa: BOAOPOAHAN N/IS3IMA, HANPAXEHHE KA @MKOCTH NPAMOro paspsaa Ve = 24 xB,
MaruuTHOE none Ho= 10 k3.

I. SKCHEPHMEHTAJIbHBIE PE3YNIhTATHI

1. npempdnaa CKOPOCTE 2/1€KTPOHOB NpH TypOy/I€eHTHOM HarpeBe TOKOM,

Benu4nHa apefi¢oBoit ckopocTH a/iexTpoHoB Up onpefensnacs M3 ocuun-
AIOTPAMM TOKA B NIa3Me, NOMYYEHHHX ¢ NOMOUWLD nosica POroBcKoro, u gan-
HEIX O TIOTHOCTH IUIA 3MbI, NOAYHYEHHIEIX C NOMOMBD CBY-uureppepomerposn,
XoTa HaMepeHue ToKa MoxeT GHTH CHSNAHO C BHICOKOH TOYHOCTBY, NPOCTPAH~
CTBEHHOe pacnpeleneHne MIOTHOCTH MOXET BHOCHTL B palAxounTepdepomerpu-
HeckHe HIMepeHHs HeonpeaeneHHocTk nopaaKka daxropa 2.  Ha puc. 1 npuso-



