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ABSTRACT 

'• 

·( 

.... 

A torsional hydromagnetlc wave ltJ induced by application of an oscillatory 

l'adial electric .field to one end ol a. eyllndrlcal deuterium pla.sm.a.located in a. 

:,magnetic mirror field. The wave propagateD in the axial direction to the center 

of the device, where a resonance occurs between the hydroma.gnetic wave £re• 

··queru:y aacl the local ion cyclotron frequency. Wave magnetic-field measure• 

·menta ll\cllcate that transfer of power from the l·MW, 8 .. 3-Mc oscillator to the 1 

.. 
· hydrom.aal:'eUc wave is about 65% efficient, and that more than 90% o£ the wave 
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' the other typeo wave lielda of lonsor time duration and substantial power level 

are b:uiticed. ill a magnetic minor geometry much that re tonance with the local 

· ~-.. f': ··• i' :i,:~·, lon cyclotron frequency occ:uro at the minor minhnu~ 6o 
1 

·,,A::. ,.-~--. ~ 

' : i:.~.i~· -· -L,: ·. _ The purpose o£ the experiments reported here is to extend the. previous 
. ·.·. ~;;!~~-~/·~~·:·:1 .. ;..·., ~- .' - ' 

i. ~::"f-::'/ -~·t. investigations of torolonal Al£v&n-wave propagation into that frequency domain 
:. ~~~l: ~:. 1· ~-_._ !~--L . . • 

i' 

r~ ~~){: ~/ ~.\-,r~ -~ . 

where ion cyclotron resonance e!fec:ts are important. This is done in a. magnetic 
• 

. _- mirror field ~ provide s~mo containment of tho plasma. · The experiments 

·described. here.dilt'er in two· t•specte £:rom other oscUlator•driven ion cyclotron 

UD.iver sity of 

,• 

''..,:· 

; 
• ,l' 

,: ~ 
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:f:':fift';.,;?. ;·f. wave studies reported previously. Firat, torsional waves are generated by 
~· . ~ .;,·.'.!.: • ' ~ ·.~, . .: •. f.t ' . # 

't· >.r;·::~;;:~J}'f: direct.appllcation to the plasma o£ an olectrie tleld between coaxial electrodes. 
i. ·.: i~f·~;·:·Jt '.(f ·> . ;! . . . 
~i):,l,~';'r ;.~\+~;·Second, the magnettic field sr·adient along which wave propag~tion occurs is 
i~·.:Hrf;;;.;:·~i:-i(.>' . ·. · !; · 
:· ,·:·.?1: (·i: 1;;::.;' }'f'&ubetantially larger ·than that used previously. 
:~? .'~ }~:; .;:~·. ~ ,,.\·:'t.·_~r· .. · · · · 
~~>!~}.r.;~ .:~.·. {{1( .: · . Of the three· hydro magnetic wave mode a that m.ay propagate in a cylindrical 
· ·n ·.~~;i:··)·'i "Pl: :· · · . · . . . 
· ~i::~:;ifJ; :' .~~· .,f·; ·· plasma ln an axial map.ctlc field, tho toreioul or Al~v~n mode ha.e a singulariJy 
, ~ < •i ~(:: t~ .··.:.' :.~··~ . . . • ;~~-

f,fi,';l~·;:.!','~~;~.;when the wave frequency b equal to the ion c.yclotron frequenc:y. For this mod~ 
'~:· }:~ ~-~"'·~~' ~ ~: ·, {< ~ ' . ~ ' 
·, :';tJ;~.i)· ,, 'it the mass motion is pdnclplllllyln the e direction, at least for frequencies :re-
:."" 3:~;~:.~·- :.~~~~··s·<. \. ~.~·-~~- .. · · · 
~·. </~~~·r;.:·.r.:: '·mov~cl f~om the resonance frequency. Ji'or such low frequencies, the wave 
; (,1·;; .. ~···' . . 
\.L\':':,:: '·· ., magnetic: field le ln. the 8 cllrectlono :m.d the wave electric field is radial. When 
:;:::.):~:f:\i.: ·:k·/ . . ' 

: .>1~\!(2;;~,.}_.1.; the wave frequency approaches the ion cyclotron frequency, the electric field 
' j~t, .~\ :,:;~- ~ '': 1 : . . . . . . 
"~~~~-/:;H,I, •:·i, acquires a e component ancl becomes l~ the local coordinate system elliptically 
l~ -~ ... ~:!·1,\L~--~u ~<.:~ . . · · . · . · · · 
· ... \,}~·_;,~:lt:t:,<~· .. ~.· polarized, with a directloa of rotation in the same sense as the cyclotron motion.· 
-·· -.~·:~-~-~~~--::::~-ir~:· ~:.<:-· . · 
,:,_,·tJt .. itt.'·: ; When the wave ftequellcy bec:omec equal to the ion cyclotron frequency, the 
'}.·!~~/-~~~~f ... ~·'·' . 

''·Vi:L:;·~· : local electric field is circularly polarized, and in the absence of loss mecha-
. ·.~ ,'7,. -;,~. --~•:"'". .· ··l· . • 

·ti.~fr,:·;'fL,l:;~·: nisms the ions gain energy without lhnlt. Appendbc t gives detaUs concerning 
• ~~,;;~.·-~~-.~~ J J~·· ~:~ .. ,' ·. 

· :~)i'~i.,. 1
·, q the ion orbits under various conditione of magnetic .field and of wave frequency. 

~~..._~_~; l':;,.._ .\ ; ·z ... ~, :, ~ 

·.~;;F;r~, ·";.: ::·The presence of any loss meehanlcm--such aa electron-ion collisions or phase 

x~·/i~:;<.\·~·~ii.,mJxing8••C&\l8eO the W&W enorgy to be rapidly transferred into thermal energy 
.~; .... ~.:~w-~~-~·':' r .f~:?~.-~· ~-: ·-
,:'::;W"r~:;/ }n< of ions or electrons. depending upon the process. 

·' ~~' ·~.§i:}-~. ·. { .. : :.'~: :/t:)_:, 

:~~ \i:i:;··,i;:. t.:ty- · This paper is cou.corned with a torolonnl hydromapetic mode that iB induced 
·.·~~j_.= ... ·1~ ~·.<;'t-':~.J;· .. :.·. I 

',{~:~: .. ~ 7. in a cyliDd~lcal plasma \Ultler the condition that. w 1::1 wc.tfa. The wave propa• 
'\.~~}}_.: .,- ~·/~--~-· .. _-~~-.. . 

::;;Fi ':·.:<.:·gates into a reatoa of decreo.slq magnetic field (hence decreasing wei) untU it 
' ~·'~,;;Hi ,::' • < •, • . ' ' 

~.:·~·.>f :::_
1 
reaches a reslou. where c.J=~cl awl the wave onergy is lost. 

· ;~f>i:~';~;) :t ' ·The remainder of tble paper 1a dewtecl to (a) a theoretical c:Uscussion of 
· ',,~~:1 r,_.t · •. ; 

.':H;:;:_:,~. ·~· hyclroma:peuc wnw p1'~&efttld Wldsr the expea-bnental conditione used, 

~~/.;,/:~~~:~<::·,.)~'I' :::1:'1 . ·~:~~~·~f.': ?;: ;. '~·· .. ·.1 • ~:. ;~ ·., ·,.,·: . ; {' :·j: . ,· .. 
• { ' ... . j. ·'-'..· .: • , , {; r :~if . ·., . . -~ . • , ; ,. . , 

· .•.. f • . ". :. :.).' : . ·.' ·, '-'·' ' .. j :. . , ., .. 
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, /~;•,:·: ';:~if-.~: .. ·(b) a deacriptioa of the expt.u•im.ental apparatus uoet1 in maldng the wave measure ... 
· .:: ... t;.:,r)Lf, ~ ; ·. . . · 
:: ; · ·} .~ ··(:, y, :, · ments,. (c) tho wave meaeurGmenta and. their interpretation, and (d) comparison 
', p·J< J • ·~I ;• ~·.~~-- : 1 

;, ... ::}1.~~ :\.t:·:; · ot the wave poweao 11Vith the input power euppUcd by the :rnclio•ll'oquencr oscillator· 
f . '. · •.. ~~~ ~- :. ...: . ~:-\,. ' . ' ' } 
~,· ···::{,:. J:'~: ·•;uut with the powcur '"unoved from tho wave at.ion. cyclotron resonance. · 

;r.~:·~~-'~-~ .>· ~~.L: .> . . it 
·~ · ,. ..... ~~ r ·, THEORETlCAL DISCUSSION ~-

':{V;;~:\ .. :tL~.-:~V:.;;i·.:.~. . .· . . . · . . . r~ .. 
·~· ·: >: :,)•i · The exact theoretical treatment of hyclromagnetic waves in spatially varying 
~-~<~;·l~~··\f_:··:>~1iffF . . . . . - -~ . 
/.~ :· ,( · ·. ~, magnetic ti~alds in-volvtus £ormidable mathematical clltflcultles. lt is relatively 
·;L~~\ .. ~·;~··~~ ~. . .' .. ·.. ·. , . . . ' 

:'( :~.:r· ,·.,I;:·. 'easy. however" to solve the prohttem ol waveD in wU.lorm tields. These results 
z ~ ' ! . . " 

; { · ·t; \' ·· . ·may be usecl with ~aution to gain l~o~mation a. bout the beha:rlor ot waves in 
, . 

.. The prob-lem of hydrqmagnetie waves in uni!orm fields has been considered 

. ;.by a number o£ authora~ 3• 9,lO,ll' Wo p:~.·eoe.ut here a o~mmary o£ the assu.rnp• 

·: tlons and principal eonclusioruJ of the work by DeSilva, which includes the effects . . 
. ., . ~ . ··: '~ . ·+ o.f the Hall currents and ol electron-ion coUislonso . 

~ ,' . ·~: ~ : . 
. ! ..• 

~- ' . { : ~ ; . 
. . ,,, f;: ·.,. · :;:; } · The second moments of the Boltzmann equtLtlons for ions and electrons are 

: ' ~ /. ~ •. ·:' • j ' . • 

:· .. :·.: 
1 

. ;: the starting point., 12 A perturbation app1•oaeh io uoed in which the fields a.sso-
: J~ • 4 

.... ;:·. . . . . . . 

. ·. ' ... t· elated with the wan .are aoaw.ned o.mall, Effects due to electron inertia, particle 
i., -~.r ~ . . . 

' ··;··.K pressure, and viscosity ue ipo:red, and charge neutrality is assumed. It is 

.:. t. 'assumed .that the ~olutl~no. of lDteroot ~Ul be ottbe torm f(:r)ei(pz .. wt;)• where . 
~"'' ·,, ' . .t -~ ' ' ' ' 

' ' c.·. f{p .. may be compl~···lta lmasf.~ry part bebtg. the .. a~!msation constant. The 
-.. ,' / ;' .'"'! :~ :. . • .' • . ' ' ' ,. . 1 • - • • • ~· . • 

~Lt'inoment <tqua.tloaa ilvo an equation of motion>. '·· , , 

,;! .· ' :. . . . ; ,:,. c' : . ":_:,.,, !t.•.J.X!. . ., . 
• :"' ,._ '•" ,f ' 

•f'.1 

(l} 

.. 
(Z) 

.. ·.;_, 

.. . ,I;· 

·,. . .. 
. r 



',.,··.,: . 

I' .. .. ··• 

' ..... 
. I 

. . . 

.~·· ~ , 

• .. ~y··. ancl 
•i. 

~ . f ' 

. '' 

w -. 
"Ill 

'·' 

r ' ~ • ~ 

·;; 

·.-' 

.f,' .. 
•. ;.·I 

-.. 

_, 
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(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

. : .1,: Here, p1 and Pn are, reopoctively, the ion and neutral-particle mass densities, 

:. . . . · ::'.and· "raJ. ls the raeu.ti-W.-ion momonturn tranoler collision £requency. 

.'·· 

~ i;• ·}: .':, ~> ': ;~~' From the tow:- equationo U) through (41), a oingle lourth•order differential 
·, ··' . 

.. <·< \ ,. ~··~~-equation for ooa compqnent of tho 'W£\VCIJ £!old. nay br• may 'be derived, which 
.. 

, . ·.has allJa solution 
.• . ~.' ' . 

. . ~ . ./ ·., .. (9) <- , • 

: ! ~-~ -~ \ 
~ ' .. 

'··•' 
' . . . 
•. •d . :-··-· 

"t,.· .. 

. . •! 
•.·' t ,: 

f. 
• 'J · .• ..... .-. 
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L 1\"::.···. :: The allowed valuetS ot 1tt0 nnd ike and the ratio A1/A2 are deter~ned by the 
' ... ·. •""· ·. \;". ' 

~. ,,-.:·· ;r·~ ··boundary c.ondltions o.t tho radial boundnzy of the plasma column. EXperiinents13 
·, . ,. ·; . . 

.:z \?.{ :;_' \;·· ·::f,;: .• have ahowD that a ~e&:J.lctic boundary Condition that leado to ttccorcl between . 
'~~~-- ~: :·•~;·,· .· ·.·~ ~-·:, ' ·--~~·' ~ , I 

·~· :I}(\· .. ·,··~·';theory and oxpeZ'lment is n,eonduetlaas vJall with o. thin insulating layer that 
'lP.~~·. : '\ •. 1 . • 

.:; :~"..:·:_:.;;).·separates the wall £;rom the plasma. 1:1"ol' detinltoneoo, lot the conducting wall· 
\\- ·-~·i;~·-~-~~~~-~~-i~,;·~~ !~·-· . . ·_ ·. . t 

, · ; : t· : ':· :, be at r a b l\1\c\ the pla.oma.-b.&oule.tor 'boundary be at I' c c < b. 
' ) . ~ ' . ¢ , . · ;.'" tF' ) " ;\ : Moot ot tho colldld.ono ODC~nto~oclln tho OlCp<>d....,nt are met by assumi11g 

· -~· .. :;:: · :_, :, · the plasma reslstivlty to ba noro. Unde:r thooo cora.dltiono Eq. (9) becomes 
. ., ~·:,\ ,. . ' . . . 

. . . \ ::·' ; . ~. . i p1 . . · ._,;·· .. · ": sm y. 
··,.::;.::;·i·. ·.~~~:~, .. ·.· · ' bt c A

1
J

1
(ttcr), (10) 

.,_· > ~, ••• t ... ~ ,; ' . ' . . . ~ ,' 

····: : ·:::<; .1· ~- ·{ . and it cara be shown that the appropriate condition on kc io 
,, .J';, .. l ! . '; . 

:. ··~:r. . · .· · ~ (k c) a o (11) 
. ' : ~· . ' ' ' d 1 CD • 0 

.'. < •. ~: ••• ;' ••• ·-~ 

' .! r~ ~ : . ; •;' which defbtea tho pooolblo valuao of helle no rooto of J 1 G The n is now used to 
,· j... ~ • •. '· • ' 

· .;·:._.,' ~ " : d.enQte t:he l'Oot num~ur. Tho· :rolatioa 'botweon p and ~ io 
; -~ ~· • . "' r f' : • 

. ' . : .. ,•. 
,! ~- ~ ~:·t . ': '~ 

!' ••. '-.~ • 

' i : : .. '. • • · . .r. . ~" 

.... :.··;·, t_··_; . 
. ··:·: 

. , ' .. [The· second hydromngnet1c modo h deacribed by changing the oign of the 
: ' 

.. , . .. :~·_>· : square-root term of Eq. (12)]. Here 1)
11 

e e:1/vken and r a (w/wci)(p/nmi). 
~ • • • . ~ l,"\ ... . 

.:: .. : '; .. : m the vicinity ot the roaona.nc:o wher~ ~ ,._, c.Jci' tho resistive term becomes 
:, -'~l •: -~ ~ 

· ." : .· ': .. : :' relatively important and eannot bo ignored. To treat thio case, it ia necessary 
1 .~ ·, : ; . .· 

·. {,~ , · to asgu.m,e that tlw b&oW.atlrag layer o.t tho tube wall ia thin. Specifically, we 
·':"··· 

., reqube. 
v2 ken 1 

e~ a -:z- -r <<(b-e)<< r- , 
c. p en 

(13) ..... ; . 
. , · .. 

. ·~:. ~.~ ' • , :. ·! . 

\ ' ~. > ' I ~ .. ! 
'+ •. ~ • . • 

· '·'t . whero a. a 
. . ': . . ·1. 

'lCaJ I tJ.o v_2 ~ v m D/( .,_0 p ) l/ 2 
o and c o velocity of light~ The lower 

'. 
" f ~ . 

• -~' ,,J ; 
. • ;I 

" ~. 

. I 

l )' 

,;_ ... 

limit eorl'eoponde to a condition that tho cnpacitivo roa.ctanco o£ the insulating 

layol' ba 1&.\J'SO compnrecl ~lith the uoolo~nnco ol e.D oqual thlekneas ol plasma. 

. ·'.i' . 
! . , . r . 

., 
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' . 
,l .t::· .... '· '>f':;· tn this caso b~ h ·st:mn appronimntely by Eq. (lo). and. the c;ondition on ken 

J .. :;~:/~··.·.:~ft. ;·:·.: .la giveu.·by Eq. fll)~ Tho rlioperalon rolatlon betwoeft p and w io 
;:~.;,·:·~.:g:··,·r·;,·.·.'··.···, ·:~z .. '· · .... ·. ·.; .· 

.. \"..fU:. , . ·" , 2 
e • -5a 1 ~-(· tl ~ f?~) ... 2~2u ·14) + 2112 + ~ia 

''.·:~·~··:"('··•'!;' n .,. 11 ... ~.:..) ...... . . 
~ "··." ' . . J: .,, '. "'\ M'l e<• 

~~~:.?.i:Y.·:;~:k;?.: ... · :·· . . . .~·· .. < . 

'. +j:·' .. /~ \ . . + { U • .. ~,a +4rzts• ~ e ~ + 1.4 [il (~Zql + 4r1p2 l} 1/2) • (14) 

.i.~:: ·:.:·;::;';; .. , : l which :r<ec.bacea tO Eqo (11) fol'· a Ill 0~ It to aos...imed tlult this ·equation holds 
• · ' 1 ' . ~ ~ I '' 

~ ' l . . ' ' . • ' . 

. · . :\ . ' 'over the whole r~se of ro 
".··:-:f·:.~--~: . • . ' ..... ~ . . 

. . , : Eqo '(11) has an blfiaite number ot oolutionc~ oo wewrlte the magnetic 
\ ·' ' 

· ' fleld. aa \&\ &UI'l:i '. '· · . ~. 

., 

·.r 
. ' 

~ • • i 
. . ' . 

. ·l 
• ! ,~ . 

li 

. i~ 
. ' 

I. 
'·' 
'i·· 

I ' 
'l : 

' 

'b 
6 

..... 

11;.1 I: 
n 

llll L 
n 

l: 

Cl) 

br a L A.,.jll (kenr) : 
lllll?l 

. ' 
, ,' ; : ~ ~.I • 

' ' ' .. ,. 

-Pa. 

. ~: . 

(15) 

(16) 

(17) 

The real Alld imaginary po.rta of p aire the propagation constant k and 

, ;i,: .· ,: ::. :'the attenuation ~onsta.l!lt G, roopcu:tively. I!'lotta of k ADd a ae functions of 
: .. ~~~;· ..... ·· .. :r~· . ~~ . . " 
-': '> , , · ,: ; axJ.al magnetic .O.eld £rom Eqo ( 14) are presented ln Figo 1 fo:r various plasma. 

• ~- l . ..,, ' f . · ; ·, . '·:: > densities. 
1.. . . 

~ . ; 

.I 
! r 

·, .. 

The coefficients of A· of Eq. (15) are doto21'mined by the driving-electrode . n . 

'\ 

'~· ' .. 

·~' 

\. geometry. In thb uperbnent. the waveo aro ind\lt:Od by 'a. current flow between 
' 
> ~.: ;> I. ' ·. 

.~coaxial electrodee. the intwt' one of radius a and the outer one of :radius b. 
'·.:·' . 

·. · · ' : : WithlD. the end insulator;· the .magnetic: tlold m.uot be symmetric and azimuthal • . ·:/ 
.,· ~ ::; ·(: :: ;. :aid ha~ A 1/-1 clepGMollCOo .. ThJ.o .field lO UUJ.tehecl tu:I'OS6 thG insW.ator•plasma 

~ .... ·-~. .:.r· ·,. l ' i . ,, 
~ 
!. 

. I• 
f 

' ' . . 
' .. 
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(18) 

'·, 
. . 

:This £unction iljl now onpandod ln a oorioo of Beoool functions. and the 

(19) 

and Eq. ( 14) shows 
.·.-- -.!'¥' 1 ·, •• ' . ' 

,--' '· ;'J;'.',· . t that these are Dubject to progreoaively higher damping •. Figure 2. shows plots 
~ ... -~J.':!~ .. :. ·~,. . 

,, ~'fi··~ . ~ .. 

. ~·. i;}
1
: ·; .·.·.~·:··of k and • against B lor th~ lowoot few modotJo demonstrating the higher 

:. ;·•:{' ,_:t,.;l--:\ '. I 

;, :~;r:-> ;':; attenuation o! higher modes. However. for propagation lengths less than 
' <:'1\_:·~~-- ~'-.!~.:._·;::,;,. •. . ' .... 

. :.- :·i;:: :/.'f,(0.5 m the fifth modo io seen to oulfer negligible cls.mpins !or magnetic fields 
~-r .. ~~:. :<·; · .t_-~:-~---~- . . . . • 

;· .. ".J ~/ .r>: ; :removed by 1 kUogause or moro from resonance • 
.• .J .,:~ .. f ~. ·y ''!. . . 

:,t· · .. · C . In order £or the above l'eoulto to bo applicable to the case of a spatially 
.. ,$", ,"! .' 

~, .::~:· . : ... ' ' •arying axial magnetic. field. it ia ou!£lcient thnt 8B/8z << kB or that the axial 
~-:-·· ... t ~-' -~"' f> . f . ' -· .... : 

. . :.~~;: ·. .<.·field change slowly over a wavelength o£,thc wavo field. tf this condition holds, 
. ..,• ..... ,... ·, . 

0
N •• $,~; t 

0 
0 

0 O ~ ~ ·.' _., 
0 

• 

;:·~·:-: : . ; ·thea k a:nd o should bta given locally by Eq. (14) t'lith the appropriate values o! 
-·. ;. ~ '": ' 

:;·~ i .. ;~·::;,.:;, B subatitute~ ·nnd tho phnoo o£ the wo.<vo field shoW.d be given by 

<c:: ·• · .. , :, . . <> ·£' ktaldn ·•· 
.,: .:, ·.·.~~.·: .. c 'f.':..,: ' . . . ' 0 . ' . 

•i "· ••• 

(ZO) 

··\··.~. ··· ·. ; ~ U the axial lield .should chiUlge approde.bly ln a diotnnce Comparable to the 
~- ,-;_;_( ;(.~-~--. . ~ ' 

) · . :~· ;- bydromasnetic Wi'lvele~. then Teflsetio'ns a:re ·expected to ocour • 
.. i > - '• • 

• . . ' .· :' f . :. • . :. : t .•.. ~ ; '. .. ' 

"! -~7 ·· .• ;.1 :~.;~~::·._-~- ~ . f ;\ '• 
f 

. t 

.( 
~- 'f 
.j 

/' 

i> ,, 
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'I .y·, 
~·~-· ~--~ .. -.~· 

Again, if th.o attenuation i_c negliiJlblo, tho energy flu through any cross 

section of the plaoma muot bo conotnnto Sineo tho wnvo velocity decreases with 
' . . . ~ -

·, -~ .. ~~: · . ·.· · B, the wave amplitude muot lncrcocQ. corl"ospondinsly to eon~ervo energy. A 
! 1',\fi.'-1, '1''f '· .. 1 .. ' 

' ·: tiY:~'HlWt·~,,,.: ~eauit of this req,u4;toement to that the coofficientc A nnd c should vary directly 
.. ·• • · . • . , • 1•- . n A , ·: ·· : ~ ~. . .:-: l~· .:with k.l/!. Thus, ~o expect the nmplitudo ot..b6 to increase e.s the wave pro• 

·<.~,f~·::·~:· .··~·· pagates into tho decronolng mt\IJilOtic: fiol~ until, not\:r tho ,eaona.nco region, the.· • 
' '.;.: . . '; ' . ' ' i . 

:·;:;_!.;_:·. ' · ;' ""te o£ atterruation rapidly lncrenoe•, t\114 tho n~plltucl<! ~t 1>11 dr~~ as the wai. 

', • ·I> 

·.· .; 'energy lo loet, , 
. '!:, • '. ·' . : • 

. '· ·.·i 

~ \ r l ' • 

l ..... _ •• , 

' 

·, .. I·:. f . EXPERIMENTAL AJ.U\ANOEMENTS 
' ~ '.. . 

.. · <': ·,';· >. 'l'hc plaarna lo produced fl'om ·doutorium gn.o at 5~0 X 10 ... 3 torr pressure 
• • " ..... • (li '.; ' • # 

· '<,(· :· ~ .~ ·and ia contained in a copper cylinder 19.8' em in diameter nncl 94r.O em long, 
. .. <t" • ' • >;.; ~ . • • 

>·:.'>{:. '::.' .· >as shown in Fig. 3. Tho mn~ctic field lo ouppliod by tho coila obown and 
~~- ~·.;; . 

,·;; : ; ·ts normally set to provide t\ mil'ror !iolcl of appl'oxima.tely 10 kO at the mid ... 
'• ~I ' •. • 

'•' 
i 

,_. ~ .. . ; 

; ·;~-.:·_{ ~; .. · ' 
, ......... . 

' ~.~::. !'~~ .· ... 
·' ~·;: ' 

plane and 20 kG at tba ondo. Theoq fioldo corroopond npproximately to the ion 

cycl~tron fields o£ s, = tNM/o and za,. reopoctively, where (II) is the angular 

wave frequency and M tl.Dd o o.re the mnoo and chnrge, respectively, of the 

, deuterium ion. The copper cyUncier io clooed by quartz end plates in one of 

which is mounted c. centol'od 6.;Z5-cm c:U.runoter 7.S•cm long molybdenum 

/electrode. Mounted inside tho coppor cyUnder. coaxial with the center electrode, 
• • j ~. ' 

(, 

• ... ' . 

'.is an outer electrode the irmor re.diuo o1 which is made to intersect those magnetic 

. £ield lines tb~t juot miss tho cylindor "Wollo nt the center of the magnetic mirror. 

Thoae coaxial elec:trodeo arc coonoctcd via the lineo and ignitron switch 

shown to a capaci._tol' that aupplioo a redial electric: tlcld to tha plasma. The . 
-: ·:, -· ' radial lield produce a nn ioniaine lront o£ tho typo previouoly studied. 14 The 

.
1 

.• ·,, • • ' • £ront proccedo dO'l"'ft tho cyllndor0 leaving n hisbJ.y ionized rotating plaama 
·< i:·· : . . ; ' ~ . ' . . ' 

. ;' ~<<· .· • /.· '; . behind it.' 'wb4:'ln.tbo .l!*ont O.l'rivoo at tho oppoeitG ond of tho cylinder, the gross 
I, • i... ,t • • ;\ • 

, . :· ~· · • · · ·.\ · r 
f . t• ~". ' . i 

' :. i . l ' 
'I 

' . 
:"" ,.., f 

II; •,,., l 



~'~. ~ 'l! J.-. 

:·:~.; .. ~.--: t-~···:~: 
.f·4·· ...... 

( <L; .. _: 
/. __ <·.: -· _: ·' .. &-otation: of the plasma lo stopped. by short-clrcuitina the electrodes with the 

.... ': . 

UCRL ... l03Sl 

.. . ' .. ~ 

;: · ,:>_ \' .'.<other ignit:ron shown in Fig. 3. To reduco the tu.l'buleneo generated ~ither by 
... ) ~ ~: ,' ;:.t ~ ... ..... ·:, ~. ( _.,. . . . . ·. . ~ ' ' ' . ' 
'·· ;·)- '- .'' .,- ·r thls b:ra.kia.g ac:t.ion· o&> by the:.lator o.ppUco.tion of tho wave·dd\ting fields, a . 

f.~~::';l,- ·,>)·.~: -~ \:opp~r at:reen la m~unted a.t the end of tho cylinder ~pposite ~the electrode a~ lS 
~· ' \.··. ~-, ~ . .:' ~ . \· ; \ .. 

;~ .::-:.:.;··., ·;,:\::\Although :lnitiellon·dencity measurem~nttl o£ the opecific:· plasma pre-pared in -
: ~ ~:-. ~} ~ ·~ ~' : : . ' ~ :.~ . •. .- . . ' ' 

::-! '~,;,; .-. ··:_this ma.rme:r have not been r.o.ndo0 it lo oxpectod to bo close to the initial neutral 
:1. ·' '· 

·: . ~, ): ' .~ 

• • , .'o ' ' I . . - : geom~tr!e~. fielde, and energy trnnelor~ 13 . 

density ...... in k.ef.tping with the :r<:oulto obto.ined nt higher denoitiea with similar 
l 

- . 
~ l .. · . 

·' 1 ·· · _., Approximately SO JASOC n!ter the elect:rodeo hn.ve been ahort•circ:uited, 

io;·.·r:.i,? -.:: · an S~l-Mc electric field io nppl.led tor 1~0 moec; tho ra4io frequencies are 
·:, ·.:,: ;~i ' ., . . { r' • • 

~ ' .. \ 

· t•.:":·: . . . . · isolated lrom the dku:uitry supplying the ionizing front.. Figure 4 shows 
.. _. '/· . .. \' ~· 

~ :: :~g,;~:~_ .!::.:-~oscilloscope ~r&c:ea o£ tho 8.S·Mc 'Curren~ nnd volto.go ouppUed to the electrodes. 
' :•.: I 

't (' : ~ 

I" 4,:._ ,'; 

I r "'·" 
··~ . . 

· __ -' The 8.3-Mc oocillator is capable o£ l.z ... MW power output, although it was not -. 
-." ;~~::. :'. :_.: : . operated At !uU output in the onperlmonto dcocribecl hero. At the oscillator 

} ·(~ . :' . 
. . power level uoed, wave meaouromonta J:nllde later than ZSO tJ.Sec after the 

.. : osc:Ulator is turned on a.ro lnoenoltlvo to moderate variation in the i.onbing 
' •. • I 
; . ' , . 

• , ,. c., t ~ ' 

~ '\ .,. " 
•· •. '1 ...• ' 

':~- . 
r :. .• ~~ ~ .. ~ ; : 

., lr .' 
• : !•<" 

·[_ .-,;-.-:-_' -

.. ~ ·• , . . 

co:riditione such ne the level And timo dw.oaUon ot t.ho voltaso d.rivlng the initial 

, 
1 
·ionizing £rent. 

W A VE•FlELD MEASUREMENTS 

:· '· :: . _The wave magnotlc fieldo wore D'J.Qo.eu.rod. by ueing five 0.42 ... cm-dia.meter 

£our-turn coUs apacod at 1.2'1-cm intervcla inoido a 0.8-cm-dia.meter glass 
L ~~-· .: ~ ,. ( ~ '·.:· ,~ .. r . . . , 

·· .. , tube. This tube wao poaif:ioned along n rtl.diu.e o£ the discharge cylinder in such 

' -

, -
. ~ ~ . 

' ' ' . ·~ 

, ; . a manner that the redial d.op<!nclonce of 'b 6 coUld bo obtained at any axial position 

. in the c:ylin~er. Figure & eho~o b 0(r) nt four Nd.e.l poaitiona 800 y.sec after the 

·• ' .·- wavo•ind.uelng tield is nppU.ed. Tho_ aonerel bohe.vior is as expected; the solid 
·. ::· - ' . . . . 

. \ , ~ / . '' . ' . ·. . . 

,- :; -: · , . n.rvea d.rawa tlu"ough tbo OJtpcrlmeatcl data at +2; em a.ncl nt: +10 em are 
• _: ; : : c J . ' \ ' ; ~~ ·, . . - 1 . .' . . - . i :_ . ·. . . . . ' ' . . 

. -. ~: . ~ . 
,. 
• j.. 

.. .. ~ i ~ .' •. 
;*: tl .. ; l .· 

'> '. 

-, 



·----·\ - , .... -· ...... 

. :. ". . ' {. 
-!..: •. \J:L ,' • •\, ;;" ,} ' 

j·\<~}i ·:·: 2 _:'·:~: . 

., • ~/ •. ~7:~·- • ... ::rr! :_ UCRL·103Sl 

, :·.~·· , :. :; .. ;. ' proportional to 1/r:. Tho 1/r dependenco io preserved over most o! the path,
i '' : :;~- ;·.' . :. . .: 

. in keeping with the results o£ the calculntions obown in Fig. z. The \Va.ve £ields 
I ' 

.· . 
I ; . ~"' ' . ; , iru:rea.se.atJ the wave propasatea towo.rd lower magnetic tlelds, then clec:reat~e . ' 

·:< :. .. ~;; :~~ · · : · to low values as th~ ion cyclotron rtulol\ance is encountered. Variations in the 
,. ~ . . :,'> f:'- . :· .• . ~ 

} 

I 

~ •
1 

... . ·.it, 1 

. ; · .; . "· :. ~ ( , wave ·field amplitudt,U!J amounting to app~oxinmtely If: 15o/, o!. those amplitudes sho-..yn 
··.;, --~::. .. ~ ~~ ~ ·t ~:~~~,r, ·.::. : .'t; in Figo S were observed from one dlecb.arge to another • Not shown in Fig. 5 a~e 
~/~:;;.;/ ' ·,~:.·the wa.ve £ields in regions con:o.cctect to the elet!!trocles along common magnetic-: 

' ~ r . .. • 
, ~ ' ( :f ~ "' • 

'·: ;;{; .:::. ;; ,field lines~ .In these regions, which are designated by the vertical bars, the 
·, :· ~ ·,' -~; : . ' ·, ·~ ' '. 
: ;., -: · .... · 1 'wave fields are both small and. nonreprodueible. 

{}A~r~,:~~: ·;. )' .· Figure 6 ~~thows ln. Q more detalled manner than Fig, s the amplitude of 
•'·:~. \ '., ' ' . ~ ' " 

1• ::·~;:j; ;··::, :·.:· b 
8 

as a function of axial position. The co measurements were made at a constant 
~ <-!~ ·~i··::. 1' 1 .. " ·.~ . ·•• ~ !.: . . 

~:~·.{~.:·;./: ;':';_radius mid~ay between the electl'odec. A obarp decrease bt amplitude. near 
_· ·:f ~-~ ' ~ . . . .. ~-. S· I ~ • • • • 

·:. ~·1~ 1 ;· •• , ·y·, reaoJUU).Ce is apparent, as is the olow lncreaco in amplitude over most o£ the 
. ·,·"···~<-~.:.:~/ '.~ >~. .' .. · ' • . . . . 

·,:.i,l -:-:·i· i .· path due to the decrease o£ waw velocl~y. Amplitude variations o£ approximately 

: ~·!: .. ~ !/:;'~:·:._ lSo/o o£ the values shown also occurred in those measurements~ 
~ ~-:-~·~.~' ; ·s --~,J.. . . . , 

· ·:!·>'''·~ ··· ' · The amplitude ot the radial component of the wa.ve field 'b has also been 
~... .. . r . 
. ~ ,. ' 

:: ,. ,·~ .. studied •. Two features of the bebaviol* o£ this component have emerged. First, 

·. __'the time dependence of the nmpliblde is much more·marked than with bi:J. Second, 
- . . .. 
:; :~.except in the :resonanee region tho ratio of amplitudea br/b6 is uniformly larger 
I·' • 4 

:_' ... t 

than is expected on the basis of the calculations outlined above. Both e£fects 

· ... suggest that soma mecha.nlam other than pure wave propagation along a decreasing 
.\ 

magnetic fielt.! ls responaiblo for tranoferring some magnetic-field energy from the 
.: ., , 

.. ··~<i>,:- :· '::· b6 t~ .the br component. On the other hand, in the resonance region the ratio 
• ·' '~. ~ ? ' 1 I 

:;:;{ •. : -~;· :
1

_:: bJ:/b9 is very nearly unity at cll timoa ... o,o lo ~ected for resonant ion motions • 
..... 

' o : . • I ~ ~:... ' 

; .. -~ . '•.i ' · .. The wave velocity can be determined from. tb.e a dependence o£ the wave ... . 
.. . ,-Y,~,: 

· ·· ;· '· . phase. With the approximations diacu.aood Above, whero the waves are ~ropa.-
·~;·;~:~·0:. ~-/',.1. . . . . . .. 

'.',/i · ;_·~·:gated ill. a. region of spa.tiallyvarylag %1'1a5ftetic field, the phase shift is given 
.'.· ; :· > •• • z • ' ;. . ' 
~; t:~;~· .. , ... : by +(z) a Jc k(z) d.z• · · · . ' 

;?f!:,~·· .. ~ . .': : .. :.. '• '' ·:.0 ' ' .. " 
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1' •d, '\• Figure 1 giv~a the b6 pha.oo ahift with z at 800 tJ.Bec alter application o£ 
: .. /~·.,;~-;-·:f\,11_; . .t .-~ ' . . • \ • • 

! <~ :;::· -,' · ' .. : the wave field. t.l'he points ohown we.re obtained from a ouccession of shots 1 
' 

.~. ~;'t . '~ '·~:.~: ' . . . . . >, • . • . . • [ 

·;; :<·j;':,·f::i·}.·-v taken ~t the va:do\is uial. pooitlor:u' witll ·tho p'"ol;Q cloacrlbed. a'bove. Tho ~~·. 
: __ ·-~_~·-~~-:~-~\~·-~~'-ti·\t/~().':;· ·. . ·~ ~ '· ... l ,• ' • • ' ' • ' t' .. 

~ .. ·~--;·;/~;.:'·~··~:.·;~\~~:relatively large sc~tter ls "du~ to ~hot~to•shot variations between the wave- ! 
~>~·-.... ~ :l:\ •· . .} ·;' .. r -~-;-! ·.· · · \ " · · . . · · · · · · 

/:c~·/~' ·:. ·: ~ :_,~:'.: ~eld. phases ud thc1ee of tho l'adio•lrequoney d):i'Ve current with which thQ.y are I 
·, <~ .. ,. ~~ : . . '· ~-~~: . . . 
·~-' '·~. · _\·: .. -compared&·· 
·' , •. ~t :_; .. :~; ··f .. ·-<\:·r;· -. -. . - . . 
:;, t ;.;_. :: :~;,r. · , ·The wave velocity and hence plasma density may be obtained by fitting 

·-;- ... /':'(~_.._~ :~ .. ~- ~~ t' ; . . - . . . ' 
:\' •••

1
t ·.1• '~:·: Eqa. (14) and (20) to the expa:rim.ental phase ·data o£ Fig. 7. The solid curve 

' ' • •• ''{ ~ • 1 • '~ ~- ·" -. • • • ' ' 

; :;,~·/' . ;:_~::.in Fig. 1 is a pl~t ol clt(z) for an ion denoity of 0.2X 10 .. 7 kg/m3• l'he !it near 
-~ . ;·.; ~~l- '; . 

; . 

:,;:.the driving ~nd is quite clooe. Ao resono.nce is approached. the pha.sa measure-
·,~-·-.:"·; 1 \•""-. ' ' . 

~--~ ~:-.},,- ' ">· ;,_..,:·.~. ', . . . 
~·-·~t~~::;·,.,~· ;_)~.} ments become increaoingly unreliable, and the data depart £rom the solid curve • 
. :.~:~.:~-.. ) .. ~:-~:· ' ' . ~ f,·~:: .· -~ . . . . . . . 
:·. ·;.;·;:-· , -.~I·.: .A comparison o£ the ion density given by tho_above fit &nd the irutial neutral -

· ?·~·:{_;· ·:-., t"·_deQ.tedwn d~zud.ty of 11 .• 8Xl0·7 ks/m3 indicates that approximately 1·. 7% of the 
... ;i :· ... ; '! . t •.. ~ • . 

. • •j ; ~ ~. 

~-~~-~-·· ~ '·'.) 

' ~ . ti ': ' ,• .., ;:iN:} , ; :~:• ;o la ~ vaeuum. impcdaaco of the guide • ond K le the dielectric constant : 

-·' ~' ... , ., , . 1( • 1 + (v.0 p c2/B2). 
.. . . 

"k '· _ :'. · . The measured impedance of the plasma (1. e., the ratio o! tbe driving voltage 
f..,: i '•' : '~' ~ , .'f ~, ' . ; I 

'. • \ to the driving current) at 800 J.ASGc is 1.48 ohmJ ~e ion density corresponding to 
f :, ·.·"'· 

~::,:;\,.:~: · , this impedance lo 0~26 xto•7 kgfm( From Fig·. ·4 it is clear that the impedance 

> • '_{ ~ .,, • ' ... 

• ~ .· r 
;· ";.' .. 

~ . t 
.' l 

increases monotonically•·indicatlng a continual decrease in density during 

application of tho wave fields. Denoitioa calculated on the basis o£ Fig. 4 
.. •:r: . 

-· ::;. ·< . ctecreaso by a tactor ot 5e4 l:rom 100 ttoec to 800 t-f.&oc. · 
• ' ' ~ . ~· I '·,.. < ' !• • it . ._ 

. '·~ : . " ,. 
. I 

. . ·I· .... r 
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:.;; ,: ,_, ... ; ·. 
·~: . . . . .. The densities described above have net 'been confirmed by other techniques. 
~":'·" · ... ' 

· ~:;t · · .. '··.'However. the lndl~ation lu that a considerable portion of. the initial plasma is 
,·r -.. ,_- ·,-'"·· ' , 

- . . . .\ . ' . ' 

L '":·· removed from the wave-propagation region by action of the wave £ields. 
·~·.\~:.:. ' ,: .: ' ' ' \ . 
• ,.. • • ,. ' >;. ~ • ~:: ~ . 

> Tf :<.ijt With the wavo•!ield ~: ::n :::: la pooslble to calculate the energy/ 

,. ·~~:.:· :. ··:~ .. :.P:; ,·.c~ntent of the waves and to compare .the wavo power with that ~upplied by the 
: .... ;"F·, .. ~.;:·: . . .. . . . . . . . .. · 
' ·. . ,. ( oscillator. The total w&ve energy per unit length ht obtained by integration of 
','-.::.':·· ·. ·: :; ; 2 '' ' . 
:_;i:¥;&itS:~·i;u~> ;: ·b 6 (r) over the radiuso By combining this eneriY• the· observed ratio of br:/b.6, 
'•... r ' . • ~ ; • 

' . ",: •. and the wave velo.city determination made from the pba.oa shift data, the total 
~ . . . . . 

.1 f·.' \ :,, . .:~.. . . .. • : • 
·:, ;. wave power ia found to be Z50 kW. The correoponding total input p-,wer from 

~ ~ ... 

':: -':.i ·,: :::. ·. -~. the oscillator at 800 ttsec la 380 kW. Thuo the efliciency of power transfer from 
• • .. • ¥" ' .. .,. ·j·. ' 

. ::: ~··. r~r.;'. theosc:Ula.tor into hydromagnetic wave motion is roughly 6So/o. Beyond the mid-. 
,, ' . ... .. 1·: .I' t ... . 

~ r.··r·~;·.·>.: , : pl~e·at -lOem the wavo amplitude io approximately 80, compared with 31 G 

: I;:\•.,· '·' .. ~ at +10cm& thus, an energy loss across the reooDance region in the ratio of 
: 1 .. ' ~ '. • i~ .t·_ . • 

... ,>':· · : .. :. ·15:1 ia implied. 
~- ~ ·: ,:.: f ... ~ 
• ~ • ' I . ·~ ' •' 

··(' .-
; . ~ 
. (;. ~ 

:' CONCl,USION 
"! f • 

- .'{ 't.t···:. {. From these experiments it is conchtded that a substantial portion of the 
··i· 't -~·. f ,, 

··;. : .. , :·, power from the oseUlator can bG coupled into torsional hydromagnetic waves 
.... !t · __ .-; 

·;·;·,.in a highly lordzed plasma by direct application o£ an osc:Ula.tory radial electric 
~·· 

·' .·' ~· .· £ieldt& These waveo propagate in a. i"fblatively steep magnetic mirror geometry ' 
~; . . . . , ' 

·, r··.: 

. >:; .. "· ,:. to an ion cycloiron resonance region at the mirror center, where at least 90o/o 
• .! ' • . • • ~ 

. ·,;; 

'\-' 
! ,., 

<o' '·.•'' . ~ 
J . • •: '' 

{ : . .. ~ .. ~ ' ' ... 
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. APPENDIX 

·~·-· .. ;:_~:-,·.r :·: \_~<:.·~:f :; · · ·. ' '' ~ . ton Orbits 
·.I j 

·~ :· ... 

;·~,.-~v;.>:\ :-J;:i ·. _ The natul"e. ~~ ~oUislonieoa ton orb\ta.ln a b.yd.roma.snerc wave may be 
. I. '· ., , . , . . ·' .. , . . . - ! 

' ;; •. ;~~:,. .. ·; ;t visualized by· inspe,:Uon o£ 'the solution of the equation ol motion of an ion, 

:;:{tiY~~ .. \~r: , 1 !! +<!x!!ll • = m!>. (At) 

·, ~ .r·i;i. :· ·: >(>·In a small volume element, the w~v~! electric field h genel·ally elliptically 
{, '·.~;}:. > ; . : t . ' ' :, 
·.o·i·,~ ··. :·:: polarized, approaching circular polarisation ao the wave approaches ion cyclo.:~ 
. ' ; ... _t::~r..~ :} ... • . : ~: ~-- . ' f . ' : ~~~ 

' ~ '' : ,~J :. · :' t'ron resonance. The wave electric .field te determinad from the wave magneti~ 
:·.~.~r:,·J~· .. l: ., .. ~.... ·· . · · ~ 

.:.:,:.::·;t{·\ :_ .. ·_.;_ 'tield by Maxwell's equation· ~ 
- ..... · .. , ~·~' . . · ... ; .; . . ,• 

.·i, f~::~- ~" '-, <. " 
'··'t ,. ' . . . v X E II ... 'b II 

/' '~"'··· I ..,_. ,.. : .. -- ,.::·~ ;_~ ;r.-~ '· . ~·· ~ 

, ,'. Ci :t::,;: '-. ;\· \ : .:· The solution of the equation o£ motion eo.ntains two terms, showing that the 
t - ! ~ ·. t· /- .'> :: 1.,_ •.. • • 

'/.:·,:~::·~' .. );~- '/ · motio~ consists of the usual eyclotrol\ motion eupe:rlmposed upon a guiding-
, !~~·~-:~~····i;; ( "·.' :-~ .. · . . ." 

': ·t :~;· ·; : · center moticne The guf.ding ... c:ente;o motion is elliptical with its major axis 

(AZ) 

!' 

\ Ji 
·h. ' 
,?\! •· 

i. 

.. ~ .;.~J<:· '' ' ' . . . . 
;· ;'>5;;~~;· ~ ~1, perpendicular to the major axii ot the elliptically polarized E fieldo The guiding-

· ... :J(: _.; >.'h. center ellipse enlarges and become a circular as. resonance is approached~ 
: ~: ,:··· >·'. l. ~- J 

',-

Some ion orbit• Ud guiding-center ellipsea are illustrated in Figs. 8 and · 
1 . 

· ; '. ;, 9 ior parameters listed in T.able AI. As the wave approaches resonance 
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Figure Captions 
, .- .•. r, -·· ,. , Ft Fig. 1. Propagation constant k and attenuation constant • plotted as a 

':·:;:t}·; '!;~rl- ' fwl.otlouf th~ mapetia llel.Uor plaema 4enoltie. ,1 .. 0~~ )( 10 •6 ks/in s. 
I • .!. & •-"1"' -., ' f >i, • •• • 

:f~~!L}},;Fic; P~ = ;::::~~~:~~:':~ :~::~:::~:aat • plotte4 as a 

· .• ,._; ~:i~~;"'_--:-,~~<)-:·f,-: 'function of magnetic field for propagation modes 1, 3. and s • 
.'15;)~ -~~,;..J:~/:··.::: •: .. ~-·l t··:~ ·._., ..... !,,...-.;. .. ~.··<>·"'":'·.) ·--

!-'- -~- ·'·' Fig 3 •. Experimental appar.atu.s. 

: 'f;.!~~:., .. ··:~:., Flg: 4. Oacillo•cope tra.c:eo of B.S Me \'Ol~e (upper trace 2300 V /om) and . 
. .: ..... " : f' ~ ~ ..... · ~-:~ 

~ ;-~ -. ' '!" .. ' . . 
: . . . . . .. ~ . ' ~ ! ·,·_ 
: ~~~~·.: .• ·: ;'"~ ... ~ ·• • I 

current (lower trace 900 A/em) supplied to coaxial eleetrodgs. Total 
.. ~ . ;. . . .. " '· ·~ ~ . 

-:~·>_.:l ·: :. .':.'' _. .sweep time ia 1.0 msec. 

·>'')~·:!·_:._::,Fig. 5~ ·Wave field b6(r) at four axial positions 800 v-sec: after rf start • 
.. ,· ~ ~/ ·. ~ ., ~ 

-.'~ ;.~· -,J ':.. 

:· .· · Amplitude variations of~· 15% of those shown were observed. 

Wave fie~d b6(i:) a~ a constant radius as .a function of axial position 

800 tJ-&ec after r! start. Amplitude val'iations o£ :1: 15"/o of those shown 

were obsttrved. 

r ::·r<f./ _ ·t~ ~ig. 7. Phase s~lf~ of b6 wave field as a function o£ axial position 800 tJ.Sec 

I • afteJ: rf start. 

f . 

I 

' . If- . ·~ . : . ' 

·:· ·; :.,Fig. 8. loa orbits for various wave frequenciea(with wave amplitude and 
:A ; ~~~ ; • ' • 0 

·:<'· ·:·: :' wave number held constant), as an illustration. The orbits increase 
. ;I; r,;. 

from 1 mm la major diameter to 3 mm as resonant conditions are 

approached. Dashed lines represent guidlDg-center motion. and solid 

lines the particle motion. 
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This report was prepared as an account of Government 
sponsored work. Neithe~ the United States, nor the Com
mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
qf such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor • 
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