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A study of  the behavior  of  p lasma in Tokamak insta l fat ions indicates that

the p lasma loop has an anomafousiy h lgh thermaf conduct iv i ty '  The heat  f low

from the p lasma in such systems exceeOs by more than one order  of  magni tude

the  va l -ue  g i ven  by  es t ima tes  based  on  the  neoc fass i ca l  t heo ry  p roposed  by

Sagdeev  and  Ga t -ee i r  [ l ]  and  fu r the r  deve loped  i n  [ 2 ,  3 ] .  The  hea t  l oss  o f  t he

p t i sma  l oop  i s  no t  connec ted  w i th  t he  i n tens i f i ed  d i f f us ion ,  s i nce  the  ave rage

conta inment  t ime of  the p lasma par t ic les exceeds by many t imes the t ime of  con-

servat ion of  the thermal  energy-  [4] .  Measurement  of  the energy carr ied away

from the p lasma by e lect romagnet ic  radiat ion and by fast  neutra l  par t ic l -es

shows that  thes"  i *o factors do not  p lay an appreciable rofe in  the energy

balance of  the p lasma. The energy Ul fance of  the ionic  component  of  the p lasma

is  we l l -  exp la ined  on  the  bas i s  o i - t f r e  hypo thes l s  t ha t  t he  hea t  exchange  be - -

tween  the  e lec t rons  and  the  i ons  has  a  t t - bss i ca f  cha rac te r  and  tha t  t hd  i on i c

7 n
t v



conduct iv i t y  has  a  c lass ica l  mechan ism [5 ] .  The escape o f  energy  f rom the
plasrna along the lon channel turns out to be i .n thls 

-case 
relat ively sma11.

We therefore natural ly arr i -ve at the concluslon that the loss of thennal energy
in  the  p lasma loop is  due.pr lnc ipa l l y  to  the  anomalous  e lec t ron ic  thermal
conduct iv i ty.  This pertains to ordi-nary condlt lons of experlments wlth the
Tokamak ins ta l la t ions ,  in  wh ich  the  p lasma is  macroscoptca l ty  s tab le  and the
main  phys ica l  garameters  l - ie  be tween the  fo11ow1ng l1ml ts :  average e lec t ron
concent ra t lon  n .  f rom 1  x  ]OI t  to  3  x  l -0 r3 ,  average cur ren t  dens i ty  in  the
plasma from l0 to 200 A/cm2, and J-ongitudlnal magnet lc f ie ld lntenslty from 20
t o  4 0  k O e .

The coeff ic ient of  anomalous thermal conduct iv l ty can be est lmated by two
d i f fe ren t  rne thods :  1 )  on  the  bas ls  o f  measurements  o f  the  dependence o f  t le
thermal  energy  on  the  cur ren t ,  2 )  on  the  bas ls  o f  the  rneasured.  p ro f l le  o f  e lec-
t ron  tempera ture  T .  ( t .e . ,  the  dependence o f  T"  on  r ,  whene r  l s  the  d is tance
from the glven point 1n the plasma loop to the annular magnet lc axls).  The
measurement of the reserve of thermal energy 1n the plasma ln a wlde range of
var iat ion of the physical  parameters was carled out.wlth the Tokamak-3a ln-
s ta l la t ion .  Us ing  the  same lns ta l la t ion  and Thomson sca t te r lng  o f  a  laser  beam,
the  d ls t r ibu t lon  o f  Tu  over  the  c ross  sec t lon  o f  the  p lasma loop was inves t l -
ga ted  fo r  the  f l rs t  t fune [6 ] .

I t  fol l -ows from the experlmental  data that l -n that phase of the process
when the thermaL reglme ln the plasma has already been establ ished, the re-
serve of thermal energy per unlt  length of plasma loop W 1s connected wlth the
c u r r e n t  I  1 n  t h e  p l a s m a  b y  t h e  r e l a t l o n  W  =  y l z ,  w h e r e  y  =  0 . 3 5  r  0 . 0 7  ( W  i s
in  e rgs  and I  ln  cgs  emu) .  For  th is  phase o f  the  process ,  the  energy-ba lance
eouat lon  1s

lry'?E - t2/tozA, ( 1 )

where a 1s the radlus of the cross sect lon of the plasma beam, d ts t f re plasma
electr lc conduct lv l ty averaged over the cross sect lon, and rr  ls the average
ttme of conservat lon of energy ln ' tne.plasma. Taklng lnto conslderat lon the
connect lon between W and f ,  we obtain fof  t ,  the expresslon

7E ' 0.3!l ro 2i . ( 2 )

Thus, the t lme of conservat lon of the energy 1n the plasma 1s proport lonal
to the character ist l -c t lme of the skin effect for a plasma loop.,  The rat lo
tE l t "k l r r ,  a t  a  s teady-s ta te  thermal  reg lme,  changes 1 l t t le  w l th  chang lng  I ,  Te ,
and i l ' " .  Uslng (2),  we can attempt to f lnd the depend.ence of the rate of heat
transfer in the plasma on the main physical  parameters. We shal- l  carry out
such an  ana lys is  a t  a  c rude qua l i ta t l ve  leve1.  le t  i ' denote  the  average coef -
f l c len t  o f  tempera ture  conduct iv l t y .  fn  the  thermal  s tead.y  s ta te  r -  =  a2 /6 i .
From this and (2) we get t l

( 3 )_  t t
n - - - .

6 ;

The e l -ec t roconduct iv i t y  o f  the  p lasma 1s

i e 2
_ a
O - -

^ . ' 2

where T i -s t f re general lzed frequency of

( 4 )

o f  t he  e lec t rons  w i th  l ons

I

v

c o l l i s l o n
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and with the plasma waves. Consequent ly

- I ^.,2i
o  ' ;  

, . . '  
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The experlmental ly establ ished connect lon between W and I
1n the form

t  r L ( f  + c )  o  t . n . l o - 2 t 3 . ( 6 )

Here F" is the average el-ectron temperature per plasma electron anO Hfi  is the

square of the lntensity of the magnetic f le ld of the current averaged over the
cross sect lon of the plasma and calculated from the standard temperature p{or;
f i le (assuming that the current denslty is distr lbuted in proport lon to T' /  "

in  th ls  case E ' l  =  H?(a) ) .  a  i s  the  ra t lo  o f  the  average e lec t ron  and 1on tem-
9 9

pera tures .  Subs t i tu t ing  in  (5 )  the  express ion  fo r  n^  f rom (6)  we ob ta ln ,  a t
q  ( (  f  r

i . 60p26. , ( 7 )

where 6T- = 2m-kT^c2/ezV is the averaged value of the square of the Larmor' Q e  e  e  I
rad ius  o f  the  e lec t rons  in  the  f le ld  Ha.  f f  a  cor rec t ion  is  in t roduced fo r  the

1on tempera ture ,  then the  numer lca l  coe f f i c len t  in  (7 )  inc reases  to  6  -  7 .

I t  i s  na tura l  to  assume tha t  the  loca1 va lue  o f  !  w111 be  expressed by  a
s imi la r  fo rmula  w i th  v  ana E[u  rep laced by  v ( r ,  and 0 f i " ( r ) .  f t  1s  obv lous ,

however,  that under the extremely crude est imate and arbi trary averaglng, which
were  used above,  we can acqu l re  o r  lose  a  numer ica l  fac to r  on  thq  order  o f  2 .
We therefore wri te down the local value of n in the form n = Evp6e and attempt

to determine the numerical  coeff lc ient E in another way, usi-ng data on the pro-
f i le  o f  the  func t ion  T" ( r ) .  The. .Jhermal  conduct iv l t y  equat lon  fo r  the  s teady

s ta te  has  the  fo l tow ing  fo rn  (a t  a /R << 1)

(  8 )

r 5 )

can be wr i t ten a lso

where

^ - f , n . f t 7 - q = L -  f  ! t '  ,
o na" '

+(^#l '- ct"

'n.k(vw,
j  i s  the  cur ren t  dens i ty .  I t  i s  assumed here  tha t  in  the  heat  ba lance o f  the
6 lec t ron ic  component  i t  i s  poss ib le  to  neg lec t  d i f fus ion  in  the  rad la t ion ,  and
al-so energy transfer from the electrons to the ions.

We note f l rst  that the assumed dependence of n on H, gives a correct de-

scr ip t ion  o f  the  func t i -on  t " ( r )  in  the t tho t  zone"  o f  the  p lasma loop '  where

t h i s  f u n c t i o n ,  a c c o r d i n g  t o  e x p e r l m e n t a l  d a t a ,  h a s  a r r f l a t  t o p . " - - I 1 9 u u d '  "
since. at r /a i .  t  t f , "  qlant l ty- f f  

f i  
is proport ional to r ' ,  we get dTu/dr ' \ "  r"

and consequent ly the dependence of the electron temperature on r in the plasma

z o n e  n e a r  t h e  a x i s  i s  g i v e n  b y  T e  =  T " ( O ) ( f  -  U r ' *  +  . . . ) ,  i n  a c c o r d  w i t h  t h e

experimental  results,  wtr ich are weLl apploximated by the formula
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T "  =  T " ( 0 ) ( 1  -  1 4 / a 4 ) 2 .  r )  C o m p a r i n g
The connect ion between U and E can be
conduct lv l t y  equat lon  the  express ions
the  reg ion  o f  smal1  va lues .

bo th  express lons  we f ind
found by subst l tut lng 1n
for r  and q and solvlng

tha t  U =  2a-4 .

the thermal-
thls equat lon ln

We then obtain

r. =r.(o) 6_ $,.r#fa,).
Under the prevlously assumed. dlstr lbut lon of

c ross  sec t ion  o f_ the  p lasma loop,  the  quant l t y  Joa x i a l  l i n e )  l s  1 2  . 2 ( i / r a 2 ) .  C o n s e q u e n t l y

f  t  l .
P .  -

,2 6 al{oyt2l.2{o)ot

Measurements of the electron temperature and of the denslty on the ax1al l lnes h o w  t h a t  t h e  r e l a t l o n  n a 2 n o ( o ) k f o ^ ( 0 )  =  0 . 4 5  r 2  1 s  s a t l s f i e d .  T h e r e f o r e  u  e
(20 /E)a- " .  We thus  r fnA tn i t  E  =  10  and consequent l_y

1. l0vp26. .

( e )

the current denslty over the
(the current denslty on the

( 1 0 )

( 1 1 )

The accuracy of thls formula depend.s on the extent to whlch the emplr lealformula for T"(r)  approxlmates lhe true prof l le of the electron temperature.
We note also that the derlvat lon of the relat lon between U and { lncludes aspec ia l  assumpt l -on  concern ing  the  dependence o f  the  cur ren t  aensr iv -o" - t " f r l .

The maln result  of  the foregolng est lmates can be formulated as fol lows.on the basls of an analysls of t rre 4i ta on the ener.gy balance of the electronlccomponent of the plasma and the dlstr lbut{on of t rre- 'electron temperatu::e,  wJ 
-

amlve at an expresslon for the thermal conduct lv l ty coeff lc lent outwardlyremlnescent of the wel-1 known classlcal  formula. Ttre dl f ference between them
**gt- l : .^!h:_l?:t  that i -n place 9f ! ,be rniensi iv of the resulrant magnerlc f letd'vn6 Ehere appears here a quant l tv H[,  and lnstead of the Coulomb col l ls lons
we-have a ' tgeneral lzedrt  f requency v, determlned from measurements pf the ther-ma1 conduct lv l ty.  There ls also a coeff lc lent 7 _ 10, whicf i  i r r"""a""" the heatloss  by  one more  order  o f  nagn l tude.  I t  1s  poss lb le ,  inc ldenta l l y ,  tha t  th lscoef f i c ien t  l s  no t  un lversa l , .bu t  depends on  the  geomet r ic  parameters  o f  thep lasma loop (on  the  ra t lo  a /R) .

t l l  A . A .  G a l e e v  a n d  R . Z .  s a g d e e v ,  z h .  E k s p .  T e o r .  F I z .  5 . 3 _ , 3 4 g  ( 1 9 6 7 )  [ s o v .P h y s .  - J E T P  2 6 ,  2 3 3  ( 1 9 5 6 )  l .
l2 l  L .M.  Kovr izE;ykh ,  ib1d .  56  ,  BTT eg69)  l2g  ,  1175 (1969 )  l .i 3 l  A . A .  G a l e e v ,  l b i d . _ 2 2 ,  l j T B  ( r i Z o ) - t 3 i , - N ; :  n - t i g i t l l .
t4 l  L .A .  Ar ts imov ich ,  E- :  Gorbunovr_ana- rv l .p .  pe t rov , -  znn in  e ts .  Red.  V ,  89( r g 7 o )  I J E r P  L e r t .  7 2 ,  6 2  ( 1 9 7 0 ) ] .
i 5 l  L . A .  A r t s i m o v i g ! ,  A T :  G l u k h o v ,  i n d  M . p .  p e t r o v ,  l b l d .  l ! ,  4 t , . g  ( 1 9 7 0 )

[ l t , 3 0 4  ( 1 9 7 0 ) ] :
t 6 l  N . T .  P e a c o c k ,  n . c . , R o b l n s o r ,  M . r .  F o r r e s t ,  p . D .  w i l c o c k ,  a n d  v . v .  s a n n l -k o v ,  N a t u r e  Z Z 4 ,  4 8 8  ( t g 6 g ) .

I  /As  ind ica ted  by  the  au thors  o f  the  measurements  o f  the  laser  sca t tex-i n g .
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