
JULY 1975 

COMMENTS ON ENERGY CONFINEMENT 
OF TOKAMAKS 

I N  THE TRAPPED ELECTRON REGIME 

PLASMA PHYSICS 
LABORATORY 

PRINCETON UNIVERSITY 
PRINCETON, NEW J E R S E Y  

This work war supported by U. S. Atomic Energy Commission Contract AT ( 1  1-1 1-3073. Reproduction transla- 
tion, publication, use, and disposal, in whole or In part, by or for the United States Government is pkrmitted. 



DISCLAIMER 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof. The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible in 
electronic image products. Images are produced 
from the best available original document. 



Comments on Energy confinement 'of Tokamaks . . 

in the Trapped Electron Regime 
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ABSTRACT 

Some.discussion is made to 'estimate the energy confinement 

properties of large Tokamak devices in the trapped electron re- 

gime based on the experimental results of the spherator. The 

generalized.empirica1 formula of the spherator predicts in the 

trapped electron degime the . - energy confinement time r is in- E 

dependent of ohmic heating current IOH and the electron temperature 

Te, and depends only on the size of the plasma radius a. The 

electron temperature Te is increased with an increase of IOH. 

2 0 These predicted formulas are rE = 0.5 a (m) IOH (MA) T: (keV) 

and T (kev) = 2.0 a-I (m) IOH (m).  We predict without addi- e 

tional heating the energy cpnfinement time for PLT will be , .  . 

70 - 90 msecwith Te - 4 k e ~  and the value for TCT to be 300,- 400 

msec with Te - 7 keV. 
~- --  
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I n  o r d e r  t o  d e s i g n  l a r g e  Tokamak d e v i c e s ,  w e  have t o  f a c e  

t h e  most d i f f i c u l t  . .  . . problem, t h a t - i s ,  . . t h e  p r e d i c t i o n  of  s c a l i n g  

law i n  t h e  new parameter  range w i t h o u t  s u f f i c i e n t  i n fo rma t ion .  

H e r e ,  it has  been a t t empted  t o  p r e d i c t  t h e  s c a l i n g  law o f  t h e  

l a r g e  Tokamaks based on t h e  s p h e r a t o r  exper iments .  The spher-  

' a tor ,  a n  i n t e r n a l  r i n g  d e v i c e ,  h a s  r e s t r i c t i o n s  on t h e  plasma 

parameter  range a n d  t h e  magnetic f  i e ' ld  con£ . i g u r a t i o n s  . d i f f e r e n t  

from the c u r r e n t  c a r r y i n g  p l a s m a .    ow ever, i t ' h a s  t o  be  no ted  

t h a t  i n  t h e  c o l l i s i o n a l  r e y i m e  whcre the e l e c t r o n  c o l l i s i o n  fre- 

quency $, is  higher thau the c l c o t r o n  hnonce f requency wbe be- 

tween m i r r o r  t r a p p i n g ,  so -ca l l ed  p s e u d o c l a s s i c a l .  s c a l i n g  l a w  1 

formula ted  from t h e  s p h e r a t o r  e ~ ~ ~ r i m e n t a l ~ r e s u l t s  was a l s o  ob- 

s e r v e d  i n  ~ o k a m a k s ~  and some s t e l l a r a t o r  dev ices3 ,  a l though  ;he 

c a u s e  o f  anomalous t r a n s p o r t  cou ld  d i f f e r  i n  t h e s e  d e v i c e s .  H e r e ,  

based  on t h e '  r e c e n t  s p h e r a t o r  exper imenta l  resul ts4 ' .%£ t h e  klek-  - 

t r o n  h e a t  c o n d u c t i v i t y  i n  t h e  e l e c t r o n  t r apped  regime, some pre-  

d i c t i o n s  a r e  made f o r  ' t he  l a r g e  Tukamak dcv ioes .  The d e t a i l  of , 

t h e  measurement i s  d i s c u s s e d  i n  Ref. 4 and 5. F i r s t ,  summary of 

t h e  parameter  range  and t h e  exper imenta l  r e s u l t  i s  b r i e f l y  de- 

s c r i b e d , a n d  l a t e r  t h e  comments on t h e  l a r g e  Tokamaks are  p r e s e n t e d ,  
I 

Figure  1 shows t h e  ~ j a rame te r  range of: t h e ' e l e c l ~ o n  thcrmal  

c o n d u c t i v i t y  K, measurement i n  t h e  comparison w i t h  t h e  depend- 

ence  of  t h e  p a r t i c l e  confinement t i m e  T on t h e  plasma d e n s i t y  
6 

P 

ne and t h e  e l e c t r o n  tempera ture  Te. The t r a n s i t i o n  c o n d i t i o n  be- 

tween t h e  p s e u d o c l a s s i c a l  s c a l i n g  regime and t h e  c o l l i s i o n l e s s  

regime i s  p l o t t e d  i n  t h e  ( n e t  Te) diagram. These t r a n s i t i o n  con'- 

2  d i t i o n s  roughly f o l l o w  a  r e l a t i o n  ne - cTe ,  which i s  c o n s i s t e n t  

w i t h  t h e  assumption t h a t  t h e  e l e c t r o n  c o l l i s i o n  f requency i s  e q u a l  



t o  t h e  e l e c t r o n  bounce frequency: ve/wbe 2 1, (which a l s o  pro- 

2 
v ides  ne a T e ) .  The ob ta ined  p r o p o r t i o n a l  c o n s t a n t  c from F ig .  1 

ag rees  wi th  t h e  va lue  e s t ima ted  w i t h .  t h e  connec t ion  l e n g t h  o f  

s p h e r a t o r  L - 0.5m. Thus t h e  c o l l i s i o n l e s s  regime could  b e  c a l l e d  

a t rapped  e l e c t r o n  regime. ,The f i g u r e  2 ( a )  and 2 (b)  shows t h e  . 

r e s u l t s .  o f  t h e  dependence of K, and D, on t h e  e l e c t r o n . t e m p e r a -  

t u r e  and t h e  magnetic s h e a r  l e n g t h .  From t h e s e  exper imenta l  re- 

s u l t s  t h e  e l e c t r o n  thermal  c o n d u c t i v i t y  is  formulated by 

1 .  1 Ls *e 
K (- - -) -- ( >  D,) 400 800 a '.16B - 

where BT i s  the t o r o i d a l  magnetic f i e l d  component and B i s  t h e  
P 

. * 
p o l o i d a l  magnetic f i e l d  component. For Tokamaks ( B ~  >> B P ) ,  t h e  

empj r i ca l  formula (1) can . be . expressed by 

which i s  s i m i l a r  t o  t h e  exper imenta l  r e s u l t s  o b t a i n e d  by GA. 7 

Some p r e d i c t i o n s  can be made by assuming t h e  Eq. (2 )  i s  ap- 

p l i c a b l e  f o r  t h e  Tokamak dev ices  i n  t h e  t rapped  e l e c t r o n  regime. 

The energy ba lance  between ohmic h e a t i n g  and energy l o s s  i n  t h e  

equ i l i b r ium provides ,  

where qe . i s  r e s . i . s t i v i t y  and Y i s  the:  c o r r e c t i o n .  due ,  t o  energy 

t r a n s f e r  t o  ions.  The equa t ions  . , .  (2.). and (3 )  y i e l d  



-7 -4 where \lo = 4 s  x 10 , no = 5.10 , and Z e f f  i s  the .  e f f e c t i v e .  Z 1  
I 

B y - . i n s e r t i n g .  numer ica l  n'umbers and n e g l e c t i n g  1/6 i 1/7 power 

dependence, ' t h e  Eq. (5 )  can .be approximately  g iven  by ' . 

Where t h e  ave rage  plasma r a d i u s  i s  assumed 60% o f  t h e  t o t a l  

plasma r a d i u s ,  Z e f f  i s  2, y i s  1 .5  a n d f o  i s  4 0 0 .  I t  must be  

no ted  t h a t  t h e  energy confinement t i m e  -rE i s  a lmos t  independent  ' 

o f  t h e  plasma c u r r e n t  IOH o r  Te and depends on ly  o n ' t h e  plasma A 

r a d i u s  a .  The e l e c t r o n  tempera ture  i n c r e a s e s  l i n e a r l y  w i th  an i n -  

c r e a s e  of ohmic h e a t i n g  c u r r e n t .  The f i g u r e  3 shows t h e  compar- 

i s o n  o f  t h e  p r e d i c t i o n  by Eq.  (5 )  w i t h  t h e  exper imenta l  r e s u l t s  

8 
i n  TFR.  Tn t h e i r  expe r imen ta l  parameters  it i s  r easonab le  t o  

assume t h a t  t h e i r  exper imenta l  parameter  range be1on .g~  t o  t h e  

t r apped  e l e c t r o n  regime. Although t h e r e  i s  some a a h i q u i t y  about 
. .  , 

t h e  c f f e c t i v e  Z and i o n  tempera ture  c o l l e c t i o n  f a c t o r  y, t h e  con- 
. . 

t r i b u t i o n  o f  t h e s e  t e r m s  t o  Eq. ( 5 )  i s  r e l a t i v e l y  weak. Not on ly  

magnitude, b u t  a l s o  t h e  observed f l a t  dependence o f  r E  v s  IOH 

can b e  exp la ined  by t h e  e m p i r i c a l  l a w  o b t a i n e d  trom the ;mcral- 

i z e d  s p h e r a t o r  exper iments .  The f i g u r e  4 shows t h e  comparison of 

t h e  p r e d i c t e d  v a l u e  of r E  based on t h e  Eq. ( 6 ) ,  w i t h  t h e  Tokamak 

exper imenta l  r e s u l t s .  I t  i s  n o t  clear whether T3, ST Tokamaks, 



reached to the trapped electron regime. Thus the comparison may 

not be justified, particularly for the case of TM-3. However, 
I .  . . 

this empirical formula may provide the upper limit of the con- 

finement time, which is. the case for the spherator. (See the left 

side of Fig. 1) This .empirical formula predicts the energy 
. . ' .  

confinement time of -. 70 msec with Te - 4 keV for PLT and -.. 300 . . 

msec for TCT device with Te -. 7 keV. 
. . . , .    he study of anomalous transport in toroidal ' devices : is still 

, . . . 

in the primitive stage, though internal kink MHD instability in 
, . 

Tokamaks and an indication of trapped .particle instability in the 

spherator have been .reported. 'Thus, the 'establishment o f  em- 

pirical scaiing law with large devices, PLT .(a = 45 cm), TCT 

(a = 85 .. 90' crn)., and even laig&r devices will be essential to the 
. . . . ,  success of fus,ion study. 

. . . .  . . . 
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Fig. 4 (a) Comparison bf TFR results (revs I ) 
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Fig. 5. comparison of thC Eq. ,, (5) with the observed 
in various devices, PLT for a = 45'cm, TCT for a = 90 cm. 
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