
 

 

 

Momentum and Heat Transfer From Lower Hybrid Antennas to the 
Tokamak Edge Plasma* 

!
"#!$%&'(!)*+!"#!,-./0123)!

Association EURATOM / IPP.CR , PO Box 17, 18 221 Praha 8, Czech Republic 

4#!56*7&'-!)*+!8#!5%**!!!
Association EURATOM / CEA sur la Fusion – Cadarache, F - 13108 St Paul lez 

Durance, France 

 

1 INTRODUCTION 

96&)27(-+! '-).! 26)+(! 6*! .63):)3! ;7/(.! <)22! )*+=6/! +7>-/.6/! &6:?6*-*.(! ')(! @--*! 6@(-/>-+! 6*! )!
*%:@-/!6;!.63):)3(!+%/7*A!6?-/).76*!<7.'!96<-/!BC@/7+!D%//-*.!E/7>-!F9BDEG!HIJ#!K>7+-*&-!;/6:!
9)*A:%7/! ?/6@-! L! )*+! +7/-&.! 7*;/)/-+! 7:)A7*A! 6;! 26&).76*(!:)A*-.7&)22C! &6**-&.-+! .6! .'-! 9B! A/722!
:6%.'! J! (%??6/.(! .'-! (%AA-(.76*! HML! .').! .'-! +):)A-! 7(! ).! 2-)(.! ?)/.7)22C! &)%(-+! @C! ;)(.! -2-&./6*(!
A-*-/).-+! 7*! ;/6*.! 6;! .'-! 9B! )*.-**)#! N@(-/>).76*(! 6;! (.).76*)/C! '6.! (?6.(! 6*! .'-! A%)/+! )*.-**)!
27:7.-/!+%/7*A!9BDE!<7.'!)!(.-)+C!9B!?6<-/!7*?%.M!&6:@7*-+!<7.'!;26).7*A!?6.-*.7)2!:-)(%/-:-*.(!
).!.'-!-/A6+7&!+7>-/.6/!?2).-M!7*+7&).-!)!(.-)+C!;)(.!-2-&./6*!;26<!;6/!.'-!+%/).76*!6;!.'-!9B!?%2(-!O#!

P! .'-6/C! .6!-Q?2)7*! .'-!6/7A7*!6;! .'-!;)(.!-2-&./6*(!')(!@--*!?/->76%(2C!+->-26?-+!6*! .'-!@)(7(!6;!)!
9)*+)%! R! )*+=6/! $-/:7! S! 7*.-/)&.76*! 6;! .'-/:)2! -+A-! -2-&./6*(! <7.'! .'-! 9B! )*.-**)! -2-&./7&! ;7-2+#!
46:-*.%:!)*+!-*-/AC! 7(! ./)*(;-//-+!!;/6:!.'-!)*.-**)!;7-2+!.6!/-(6*)*.!-+A-!-2-&./6*(!.'/6%A'!.'-!
9)*+)%! 7*.-/)&.76*#! K*-/A-.7&! -2-&./6*(! (./-):7*A! 6%.<)/+! ;/6:! -7.'-/! -*+! 6;! .'-! A/722! )/-! .'%(!
A-*-/).-+#!$6/! .C?7&)2!A/722! -2-&./7&! ;7-2+! 7*.-*(7.7-(!)/6%*+!JIR!3"=&:! .'-!'7A'-/!')/:6*7&(!6;!@6.'!
.'-! ;6/<)/+!)*+!@)&3<)/+!(?-&./)!-Q?-/7-*&-!6>-/2)?! ! F7*! .'-!D'7/736>! T!(-*(-!G! 7*!>-26&7.C!(?)&-#R!
U'-!A26@)22C!(.6&')(.7&!/-A76*!-Q.-*+(!;/6:!.'-!-2-&./6*!9)*+)%!+):?7*A!27:7.! !>===>-!≅ !J! !%?!.6!.'-!
6>-/2)?!27:7.!<'7&'!;6/!.'-!;6/<)/+!(?-&./%:!7(!)@6%.!!L!3-"!!;6/!)*!-2-&./7&!;7-2+!6;!O!3"=&:!!R#!

B-/-!<-!-Q):7*-!7*!:6/-!+-.)72!.'-!:6:-*.%:!)*+!-*-/AC!./)*(;-/!;/6:!.'-!)*.-**)!;7-2+!.6!.'-!-+A-!
-2-&./6*(#! V-! +-/7>-! .'-! 9BI7*+%&-+! -2-&./6*! +7;;%(76*! &6-;;7&7-*.M! )*+! .'-*! ;7*+! .'-! -Q)&.! ;)(.!
-2-&./6*!+7(./7@%.76*!;%*&.76*!;/6:!.'-!&6227(76*I2-((!W%)(7I27*-)/!37*-.7&!-W%).76*!<7.'!?)/)22-2!;26<#!
K*(-:@2-! )>-/)A-(! X>==Y! )*+! X>==LY! )/-! &6:?)/-+!<7.'! (7:%2).76*! /-(%2.(#! U'-!9B! ;6/&-! )&.7*A! 6*!
-2-&./6*(M!.'-!+7((7?).-+!9B!?6<-/M!.'-!;)(.!-2-&./6*!?6<-/!;26<!7*!;/6*.!6;!.'-!)*.-**)M!)*+!.'-!/)+7)2!
<7+.'!6;!.'-!7*.-/)&.76*!/-A76*!)/-!&)2&%2).-+!)*)2C.7&)22C#!

2 FAST ELECTRON DIFFUSION COEFFICIENT  

U'-!W%)(7I27*-)/!+7;;%(76*!&6-;;7&7-*.! !EF>==G! ! 7*! ;/6*.!6;! .'-!9B!A/722! 7(!6@.)7*-+!@C! 7*.-A/).7*A! .'-!
-W%).76*!6;!:6.76*!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ( ) ( )[ ]rq
e

0 z- t cos A(z)v t)(z, cos z A
m
E e

vz ϕ+ϕωω≡Φ== !!! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!FHG!!

)26*A!%*?-/.%/@-+!-2-&./6*!./)Z-&.6/7-(!![!\!>==!.M!)*+!.'-*!&)//C7*A!6%.!)!(7:?2-!/-(6*)*&-!@/6)+-*7*A!
&6//-&.76*#! U'-! +7;;%(76*! 7*! )*! -*(-:@2-! 6;! ?)/.7&2-(! 7(! A-*-/)22C! +-;7*-+! )(! EF>==G!\!X∆>==LY=L!.!!!!
<'-/-!X]Y!(7A*7;7-(!'-/-!-*(-:@2-!)>-/)A7*A!<7.'!/-(?-&.!.6!)!/)*+6:!7*7.7)2!?')(-!!ϕ/!!!<'7&'!!



 

 

+7(.7*A%7('-(! .'-! 7*+7>7+%)2! -2-&./6*(#! $%/.'-/M! ω!\!Lπ;! ! F! ;!\!J#T!5B[GM! )*+! >W!\!-K^=:-! ! ! 7(! .'-!
-2-&./6*! W%7>-/! >-26&7.C#! $6/! .'-! ?%/?6(-! 6;! &)2&%2).7*A! E! <-! &6*(7+-/! .'-! (7:?2-! &)(-! 6;! )! A/722!
;%*+):-*.)2!:6+-! 7#-#!PF[G!\!H!7*!;/6*.!6;! .'-!<)>-IA%7+-!:6%.'(!)*+!PF[G\^! 7*!;/6*.!6;!.'-!(-?.)#!
$%/.'-/M!<-!.)3-!!π=L!?')(7*A!@-.<--*!.'-!JL!<)>-IA%7+-(!6;!.'-!U6/-!_%?/)!)*.-**)!S#U'%(!;/6:!FHG!
.'-!&')*A-!7*!-2-&./6*!>-26&7.C!)&/6((!)*C!6;!.'-!<)>-IA%7+-(!7(!

!!!!!!!!!!∆>==!\!L!>W!(7*!Ω!` aGHL&6(bF rj ϕ+Ω− M!!!!
4v 2

d

//

π−ω=Ω !M!!!!!Z!\!HMLM!]MJL!!!!!!!!!!!!!!!!!!!!!!!!!!!!!FLG!!!!!!!!!!!!!

<'7&'!%?6*!(W%)/7*AM!(%::).76*!)*+!-*(-:@2-!)>-/)A7*A!6>-/!.'-!/)*+6:!!?')(-(!!ϕ/!!C7-2+(!c!

X∆!>==LY!\!L!>WL!!(7*L!Ω!#!_7*&-!.'-!-2-&./6*!./)*(7.!.7:-!)&/6((!)!<)>-IA%7+-!7(!!τ&!\!+=>==M!!.'-!+7;;%(76*!
&6-;;7&7-*.!7(!!! ( ) d!(7*!!>G!+>F>!E L

==
L
W== = !#! ! !

$6/! +7;;%(76*! .6! 6&&%/M! .'-! )*.-**)! ;7-2+! 7*.-*(7.C! :%(.! ().7(;C! .'-! /-(6*)*&-! 6>-/2)?! &6*+7.76*!!
1v/dv4 2

//q ≥ω ! ! F7#-#! :6+-! (-?)/)./7Q! <7+.'! ! )@6%.! -W%)2! .6! .'-! +7(.)*&-! @-.<--*! *-7A'@6%/7*A!
:6+-(G#!e*!.'-!A26@)22C!(.6&')(.7&!/-A76*M!<'7&'!&2-)/2C!7(!@6%*+-+M!<-!&)*!)>-/)A-!.'-!W%)(7I27*-)/!E!
6>-/!.'-!/-(6*)*.!?-)3(!)*+!(-.!E!.6![-/6!6%.(7+-!.'-!(.6&')(.7&!/-A76*#!_7*&-!E!:%(.!@-!*6*I*-A).7>-M!
.'7(!;7*)22C!A7>-(!EW2!!)*+!)!!+7;;%(76*!&6-;;7&7-*.!EF>==M.G!7*!.'-!;6226<7*A!;6/:!c!

!!!!!!!!!!!!!!!!! W2==^====
L
WW2 E(F.G.GMEF>)*+Ef>f=L+f>f>E =≡= g!!!!!!!!!!>K9E!X!f>==!f!X!>:)Q!M!!!!FJG!!!!!!!!!!!!!!!!!!!!!!!

<'-/-! ! >K9E!≅ ! J!>-! ! 7(! .'-! -2-&./6*! 9)*+)%! +):?7*A! 27:7.M! >:)Q! ! 7(! .'-! /-(6*)*&-! 6>-/2)?! 27:7.!
+-?-*+7*A!6*!.'-!A/722!-2-&./7&!;7-2+!7*.-*(7.C!RM!)*+!(F.G!7(!(6:-!+-&/-)(7*A!;%*&.76*!6;!.7:-!/-(%2.7*A!
;/6:! )! >-26&7.C! >)/7)*&-!<'7&'! 7*! )! @6%*+-+! >-26&7.C! (?)&-! /-A76*!:%(.! ().%/).-! 7*! .7:-#!$7A%/-!H!
('6<(! .'-! /).76! ! E(7:=EW2! <7.'! E(7:! 6@.)7*-+! ;/6:! .-(.! -2-&./6*! (7:%2).76*(! 6;! )*! -*(-:@2-! <'6(-!
+C*):7&(! 7(!+-(&/7@-+!@C!KW#! FHG#!V-!+6!*6.!C-.!')>-!)! .'-6/C! .6!+-(&/7@-! .'-!+-&)C!7*!.7:-!6;!.'-!
;7-2+!)%.6&6//-2).76*!;%*&.76*! 7*!)!@6%*+-+!>-26&7.C!/-A76*!(6! .').!<-!)??/6Q7:).-!(F[G!@C!)!?/6;72-!
.)3-*!;/6:!E(7:!)*+!+-:)*+!.').!7*7.7)22C!(!\!H#!!

3 THE FAST ELECTRON DISTRIBUTION IN FRONT OF THE GRILL 

U'-! ;)(.! -2-&./6*! +7(./7@%.76*! ;%*&.76*! ;! ().7(;7-(! .'-! W%)(7I27*-)/! $633-/I,2)*&3! -W%).76*!!!!!!!!!!
( ) GOF^;GKF+7>!;>+7>_!+7>_!+7> (-?:

-
>//;>&622> =+++ """

<'-/-!_/;!\!I!∂==FE9B∂==;GM!E9B!7(!.'-!F[[G!-2-:-*.!6;!.'-!+7;;%(76*!.-*(6/M!)*+!K(-?!7(!)!&')/A-!(-?)/).76*!
;7-2+! h! <'7&'! <-! '-/-! +7(/-A)/+#! U'-! -;;-&.! 6;! &6227(76*(! &)*! @-! *-A2-&.-+! (7*&-! .'-! ;)(.! -2-&./6*!
?/6?)A).76*! .7:-! )26*A! )!:)A*-.7&! ;7-2+! 27*-! &6**-&.7*A! .'-! A/722! .6! )! +7>-/.6/! .)/A-.! F)@6%.! H:! 7*!
U6/-I_%?/)G! 7(! )@6%.! τ&6** ≅ H^Ih(M!<'-/-)(! .'-! (26<-(.! !&6227(76*! .7:-! τ&622! -Q?-/7-*&-+!@C! .'-! ;)(.!
-2-&./6*(M!7#-#!.'-!;)(.!-2-&./6*!i!.'-/:)2!-2-&./6*!&6227(76*!.7:-M!7(!τ&622!≅ !TQH^IR(!#!V-!;7/(.!+-)2!<7.'!
;⊥ M!)((%:7*A!(-?)/)@727.C!6;!.'-!+7(./7@%.76*!;%*&.76*!7*!>-26&7.C!(?)&-M!7#-#!; \ ;==;⊥ #!U'-!;)(.!-2-&./6*!
?-/?-*+7&%2)/!+C*):7&(! 7(! -;;-&.-+!*-7.'-/!@C! &6227(76*(!*6/!@C! .'-! )*.-**)!-2-&./7&! ;7-2+! (6! .').!;⊥ !
/-.)7*(!)!.'-/:)2!4)Q<-227)*!&')/)&.-/!<7.'!U⊥ !\!U-!!F≅ !LR!-"G#!U'-!?)/)22-2!;==!7(!273-<7(-!%*);;-&.-+!
@C!&6227(76*(!@%.!7(!(./6*A2C!:6+7;7-+!@C!.'-!j$I+/7>-*!+7;;%(76*!<7.'7*!.'-!(.6&')(.7&!/-A76*#!U'-!;)(.!
-2-&./6*!+7(./7@%.76*(!;==FkMIG!!)/-!6*-I(7+-+M!7#-#!)/-!+-;7*-+!6*!?)/)22-2!>-26&7.C!')2;I(?)&-#!U'-C!)/-!;-+!
@C!?67*.!(6%/&-(!6;! .'-/:)2!-2-&./6*(!δF>==! I!>==^GM!(7.%).-+!).!-7.'-/!-*+!6;! .'-!A/722![!\![^!6/![9#!U'-!
+7(./7@%.76*!;%*&.76*(!;==FkMIG!&)*!.'-/-;6/-!@-!/-?/-(-*.-+!@C!5/--*(l!;%*&.76*(!6;!KW#!FOG!<'-/-!<-!%(-!
.'-!W%)(7I27*-)/!/-(%2.!FJG!c!!E!\!E^!(F[G>==!!<7.'!E^!\!>WL=L+5!!)*+!(F[G!)!(%7.)@2-!+-&/-)(7*A!;%*&.76*!7*!
.'-! (?-&./%:! +7/-&.76*#! !V-! *-Q.! +/6?! .'-! ?-/?-*+7&%2)/! ?)/.! 6;! .'-! (?).7)2! ;26<! +7>-/A-*&-! .-/:#!
$7*)22CM!.'-!./)*(;6/:).76*!ζ!\!$F[Gi$F[^GM!<'-/-!$F[G!7(!.'-!?/7:7.7>-!;%*&.76*!.6!(F[GM!<722!C7-2+!.'-!
;6226<7*A!-W%).76*!;6/!.'-!5/--*l(!;%*&.76*!5!



 

 

!

KW%).76*!FRG!7(!+-;7*-+!6*!ζ∈ X^M∞G!(6!.').!7.!&)*!@-!9)?2)&-!i!./)*(;6/:-+!m!7*!ζM!2-)+7*A!.6!)!n-((-2!
-W%).76*!;6/!.'-!7:)A-!5/--*l(!;%*&.76*!

!

U'-! (62%.76*! 6;! KW#FSG! <'7&'! ! >)*7('-(! )(! >==! →! #∞! ! 7(! .'-! :6+7;7-+! n-((-2! ;%*&.76*!
F?=E^Go^bf>==fF?=E^GH=La!!<'7&'!6*!7*>-/.7*A!m!A7>-(!.'-!')2;I(?)&-!(62%.76*!!

U'-! ;)(.! -2-&./6*(! .'-/-;6/-! ')>-! )! 4)Q<-227)*! +7(./7@%.76*! ;! <7.'! )! ?)/)22-2! .-:?-/).%/-! U==F[G! \!!
LE^ζ! )*+!<-! .)3-! ;FkMIG\*FkMIG5FkMIG!<'-/-! *FkMIG! /-?/-(-*.M! /-(?-&.7>-2CM! .'-! '6.! ;6/<)/+! )*+! @)&3<)/+!
?6?%2).76*!+-*(7.7-(#!"-26&7.C!(?)&-!)>-/)A-(!)/-!+-;7*-+!7*!.'-!%(%)2!:)**-/!)(!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!! ∫∫>=< ==== +>5+>P5P ! ! ! ! !!!!FhG!

e*!.'-!;6226<7*A!<-!:)3-!.'-!(?-&7;7&!&'67&-!(F[G!\![^=[!<'7&'!A7>-(!U==!\!LE^[^!2*F[=[^G#!$6/!.'-!A/722!
-*./C! ?67*.! <-! 6@.)7*! [^\^#HH:! ;/6:! $7A#H#! U'7(! ;7Q-(! 6%/! /-;-/-*&-! (C(.-:! <'7&'! (6! ;)/! <)(!
)/@7./)/C#!V-! 6@.)7*! .'-! )>-/)A-(! Xf>==fY! \!√FLU==! =πG! ! )*+! ! X>==LY! \!U==#! U'-! .'-6/C! )*+! (7:%2).76*!
/-(%2.(!;6/!!X>==LY!!)/-!&6:?)/-+!7*!$7A#!L#!!

!!!!!!!!!!!!!!!!!!!!!!!

4 MOMENTUM AND ENERGY BALANCE EQUATIONS 
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