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| | . ABSTRACT
A torsional hydromaghetic: wave g induced by applicatién of an osgcillatory
_’ radihl, e"lectricviiald to one end of & cylindricai deuterium plasma located in a

magnetic mirror field, The wave propagatw in the axial direction to the center




HYDROMAGNETIC WAVE PROPAGATI 033 NEAR ION
e GYCLOTRON RESONANCE

;ii‘orrest I. Boley. John M, Wilcox, Alan W, DeSilva, Peter R. Forman.
Gordgm W. Ha.miltcm and C, N, Watsgn-Munro? - .

’-Q @&wrence Radiation La.bomtory ' S
et ‘;v ... University of California - o
' i 1, Berkeley, California o _

L l o .October 12, 1962

o INTRODUCTION
Previous hy;irorria'gmtic‘wavé experiments in highly fonized gaseoﬁsv plasmas
ha.ve largely couﬂrmed the princlpal theoretical predicticma regarding torsional
| Alfvven-wave pxapagation along a magmtic field when the wave frequency is well
below the ion cyelotron frequency, 1-4 Additionally, two types of experiments
::"concerned with wave frequencies near the jon cyclotron frequency have been
3 :_reportedg In one type, waves of transient character propagated in a variable.
".uniform magneﬁc field yield wave velocity and attenuation measurements, 5 In
the other type, wave fields of longer time duration and bubstantial power level
: are induced ina magiwtic minor geometry such that re sonance with the local
ien cyclotron frequency occurs at the minor minimum, 607
. 'Thc purpose of the experiments reported here is to extend ti'xe, previous
hwe stigauons of torelonal Aifvén-wavm propagation intc that frequency domain | |
‘ where ion cyc&otron resonance eifecta are important, 'rhis is done in a magneti§
;‘;mirror field to pmv&de some contalnment of the plaama. The experiments 5

L deacribed here differ in &vm respects from othax' oacmaeor«»driwn fon cyclotron

",
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wave st\;&ies reporteé iarevionslyé First, torsionsal waves are generated by
direct applieatiou‘ to the plasma of an electric ﬁeld between coaxial eiectrodea;

. Seéond. the magrmtic field gradient along which wave propagation occurs s
Moubstantially larger than that used previcusly,

% 5 O£ the three hydromagnet&c wave modeo that may propagate in a cylindrical
LEE plasma in an axial magnetic field, the toreional or Alfven mode hae a singularigy |
-whan the wave frequency is equal to the !cm cyclotron fmquency. For this mcdg:
the mass motion {a principally in the 6 direction, at least for frequencies re-
moved from the resonance frequency. For sueh low frequenciea, the wave .
inagnetic field 12 in the 8 direction, and the wave. electric field is radxal. Whex?:‘
the wave frequency approaches the ion eyclotron frequency, the electric field
‘_ aequires a 6 component and beeomaa in the local eoordinata tsystem elliptically
‘polarized. with a direction of rotation in th@ same sense as the cyclotron motion'.'
When the wave irequency becomes equal to the fon cyclotron frequency, the |
:_ 'local electric field is circularly polarizeé, and in the absence of loss mecha-~

- ‘ nisms the ions gain encrgy without limit, Appmndix 4 giws details concvrning
the fon orbits under various conditions of magnetic fleld and of wave frequency. |
The presence of any loss mechanism-«~such as electron-ion collisions or phase
"x“mxinga.;causen the wave energy to be rapidly tf-a.nsiermd into thermal energy
;i jons or elecirons, depending upon the process, |

| This paper is concerned with a toroional hydromgnetic mode that is induced
ina cylindrical plasma under the condition that . w ‘/?... The wave propa-
gates into a regiou'ol decreasing magnetic field (hence decmasing "’ci.) until it
‘»“i-eaches 5 regibn wher‘e » = ol and the wave energy is loat;

The remainder of this pape? ie devoced tc {a)a theoretical discussion of
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'(b) h description of the experimental apparatus uved in making the wave measure«
ments,. {¢) the wave meaaumm@nta and their interpretation, and {d) cbmparison

-im£ the wave power with the input power muppliud by the rndio—-imquezmy oueilla.toz:‘

| n.nd with the p@w@m mmowd from the wave at fon cyclotron ve ﬂomce.

«
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The exact thmomtmal trmatmmnt of hydrommgmtic waves in apa&ially va.rying'

magnetia iielda immlvm farmidahla mathemntica& ciifﬂcultiea. !t is relatively
easy,, howa'«re:x'5 to nolve the pmbmm of waveo in uniform t’ialds. These resulte
G l’ 'may be used with cautioxa to gain iumrmntion about the behavior of waves in |
:: .vnonuniform ﬁelda. '

The problmx ef hydmmagmtie waves in uniform fields has been conaidered
‘;be a :mmber af autham 3' 9,10, 11 We present hem a summary of the assump-
‘ﬂona and principa.l concluaiana of the work by DnSilvu. which includes the effects
,7 of the Hall currents and of electron-ion collisions, | | |
'I‘he mcond momsntss of the Boltzmann equations for fons and electrons are
the atarting point., 12 A perturbation approach is used in which the ficlds aaso-
T "ciated with the wave are aammmd nman, LEffects due to electron uwrtia. particle

’x'ﬂpresme, and viacoaity are ignored, and charge newtrality is assumed., Itis .

i{pze wt)

lfas:mmed that the solutiona el intureut will be of tlm form f(r)e » where
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'« { | ?*j",;'lwhich tqgaﬂm:’ with Meﬂ'ﬂ oquations,
S e
R vxEsbdb, . )
conatimw the set to be solvaed, {
Here B is the statle axiol magnetic ﬂ@ld, 1 io the resistivity tensor, | ;

: x'a is ion-particle density, andthe yaxturbaﬁon flelds associated with the wave ;’
N are E, alwtrm field; b, magnetic fleld; v 4,; average lon velocity; and j, the
: ; o W!‘mnﬁ ﬂemsim 'I'hee wmhal p wkoa into m:c,ount the cﬁeata of fon-neutral

got eouimdm and ies d@ihmd by S L S ,
o l)f ; L R , ﬁ e ﬁo‘l "5‘ 1%)9 : ~ : _ | (5)

. _
YO . {8)
5 Y] A :

s ‘-:Ham.- p, and p_ are, respectively, the jon and neutral-particle mass densities,
and vm is the neutral-ion momentum transfer collision frequency.
| From the fm equaﬁono {1) through (4). a2 aingle fourth-order dtfferential

o fj"';xequation for some compaonent of the wavo fleld, say b

ps TRBY be derived, which

.. has ava solution

byo A ken) + AT GRS, (9)

It‘ tha maiauviw iz asoumed to be aero, the faurth-ordaz equatim becomera

i
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o 'i, The auowed values of |k and zkc and the ratlo A, /A, are determined by the

boundary eonditiona ot tho zadial boundary of the plasma column. Experimentsl?'

have shown that a ;pealictic boundary condition that leado to accord between

mebty .a,nd axperiment is a. eonducting wall with o thin insulating layer that

.ﬂ.‘jsepamten the wall from the plasma, For deﬁniteneno, lut the conducting wall -

ba at r = b and the plasma-inoulator boundary beatr e < b |

Moot of the eendiﬁenn oncounterad in tho experiment ara mel by assuming

the ﬁasm maiativiﬁy to bo soro, Under thene conditions Eq. (9) becomes

| simply : ' o
S < b, = ATk %), . ' o (10)

, and i_tAcz‘m be shown that the appropriate condition on k , 4o |

LT XS ST PR o an

e : *
RIS S
R AV I

I 5; whieh deﬁma the poaaiblo valuco of k, ¢ 0o rooto of ¥ The n ie now used to

demﬁe ﬁm mot xmmbcw. Tho zrolation botwean p and o is

PALU e L g 2 2 .12\,
A ‘p"'m..h‘m zﬁ“z - {1 Sreapt ] } . (12)
’ S n 2 \ler (L -x°)

) 5 '."u{'rhe’sécond bydr,omagn'etie m?do ts deocribed by changing the sign of the
square-root term of Eq. (12)]. Here B, = of/vk, andrs (w/w  {p/amy).

i _ | In the vicinity of the resonanco where @ & @0 the resistive term becomes
r@latiwly important and énnnot bo 1gnomd.. To treat thin case, it is necessary

| to aammﬂ that the immlat&ng layer at the tubo wall ie thin. 8pecifically, we

" require |
s ‘ G ®m Vz kcn <<(b c,(( 1 ) (13)
T e : - - v
el ':f ';Z"' e

whera a= nm/p.o o VO B/(pgp )1/2 and ¢ o velocity of light. 'I’he lower
limit correapon&a to & condition that tha capac:itivo reactance of the insulatmg

la,yax b@ largo eompm‘ed with the :?c;aiotmeo o£ an equa.l thickness of plasma,
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'. !n this ¢case b io giv:m approximntaly by Eq. (30). and the aonditian on k..
55 £e giwn by Eq. (u)o 'mw dinparnﬁon rclmtion hetwmm P and [ ia |

SO v | +
B Rep

A pfa (!nﬂ)4-2ﬁ(loiA)+2a + 3o
. zu Km) w2z® (
EE . 75 Cee e e L

g

. _ , /2 -
; {(1 «-wz) +4raﬁ4 mz'Ha [Mx' »1)4» 4x% ﬁ ]} . - (14)
which mdue@a m Bq, (m fora o ﬂo !L m M&m&d that this aquation holds

I . [

) wer th@ whola mnga of x'o

. b, = Z 3y (ke x'). S as)

KE RN W
- 0 . )

b Z ATk o s aane? op 2 A
. . . 2 pu N i . . » .‘ ‘ . . e

N . . T~'-<'
PR . T

L.

b = 3 An"o“‘cu“”.".' . . (17)

CR S 'ﬁ: |
, The real and inmginary partse of ‘p’ are the propagation comtant k and ’

~ the attenuation constant g, roapectﬁvely., I-"lom of k' zmd ¢ as functions of

v‘; ~amal magnetic field from Eq.. (M) are pmmnmd 1n Fige ) for various plasma.
denaitiese o o e ' EE

. The comiﬂcim&a of A of Eq; (15) are dctorminad By the driving-electrode
geometry, In t_lhm experiment, the Waves are inducad by a current flow b?&ween

s cbaxial elact’r‘odem‘. the'inmr one of radius a and the outer one of radius b,

‘ Within the amd msnlamr, thea maguetic fiold must be aymmatrie and azirnuthal,

e oA ft‘%
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boundary to tha by plmm ﬁold. On tho alectrode eurfacen the tangential

ezectric flelds mumt be zeroj this requimmene leadoto a conditiou thac by

- N ‘:
i -“”‘*“z“—:&&ﬂﬂv‘

alw be mm at the elactwda nurfaco. ‘I‘h\m be fo - " o

\ b (tr)w I-—--n‘ f rodrdh L (18
o ] 4 .
' 2 9 zux . . ‘ ‘ . ' - )
_ o : o ' m 0, forr< 8, ®>b,

: S '.i_‘izis function is now onpandod in o erios of Beooel functions, and the

+. %170 7 coeffialents are matched to the A_ of Bq. {13). We find
g 21p2e | ot [Jglr e) -Tole )] ) - 1)
| i pi-%h 2 | 2nk 2‘, ok c) C

en

| Higher modeo are distinguiched by largex valuen of k s and Eq; {14) shows

; ! ,t_ha.t thess are subject to progressively higher damping. - Figure 2 shows plots
of k and ¢« against B for the loweot few modos, demonstrating the higher
EQttenuatimi of higher mode ss; However, for propagation lengths lesa than

.5 m the fifth mode i seen to nu!far negligiblo damping for magnetic fields
‘Eremaved by 1 kilogauss or more from resonanca,

In order for the above repults to bo applicable to the case of a spatially
" Varymg axial magnetic ficld, it is sufficient that aB/az << kB or that the axial

ﬁeld chauge slowly over a wavelength of the wave field, If this condition holds, ’

1.,,;_then % and ¢ should be given locally by Eq. {14) with the appropriate values of

: B auf::atitufmd; ‘and the phase of the wave field should be given by
¢uf‘ kﬁn)dﬂ P (20)
If the axial field shcv.ld change approciobly in a distance compara.ble to the

! :vhydromgnetic w&veleugth. then ‘reﬂectmns are expected to ocgur,

b
-
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Aguin. if the attemmtion o negligible. the ecnergy flux through any cross
: pection of the planma must bo conotant, Sinco tho woavo volocity decx'eases with
| ' B, the wave amplitude muot inerenso correspondingly to conserve energy. A |
_ 7 xe sult of thig requimmant 1o that the cocfficients A and ¢ should vary directly.
_fwlth kl/ z.\ Thus, we expect the amplitude of by to increase as tha Wave pros

pagatas {nto the éecmaaing mognotie ﬁom msm. noor thé resonance region, the
. P

: 7' :."'-ratet of attematim mpidlv mcwanam. tmd thc amplimda of ’ba dropa a8 the wavg

'enargy ia lmf.st.i ? _
A i ' EXPERIMENTAL ARRANGEMENTS

L The plb;éx‘xm io 'prod\mad‘ from doutorium goo at S:O %10"3 torr pressure

- and is co_ut#.inect. in‘ 2 cog:per cylinder 19.8¢m in. diameoter and 94;0 cm long,

: as shown in fig. 3, Tho magpetié field 1o oupplicd by the coils oﬁovm and

‘is hox;inéliy. aét ‘tp provide o mirvor fiéld of approximately 10 kG ﬁt the mid~

-v plame and 20 kG at tha ondo; Thesoo ficlds corraspond appx;oximately to the ion

‘. cycl?tron fields of B, = «wM/e and 2B,, reopactively, where w is the angular |

‘ : wave frequency and M and ¢ are the maso and charge, :eapectiirely. of the

: K deﬁtez:ium ion; The copper cylinder 1o closed by quarts end plates in one of

| ‘which is mounted a centered .29 ~cm diameter 7,5«cm long molybdenum

.Lv,_?{»"elactmde'. Mounted inside tho coppes cylinder, coaxial with the center electrode,

. is an ou&er electrode the innor radivo of which is made to intersect those magnetic

" ﬁeld lmeu that just miss the cylindor wolls ot the center of the magnetic mirrox,

These coaxial electrodes arc connccted via the lines and ignitron switch

ey :.’ﬁhown to a capacitor that supplico a radial electric ficld to the plam.na. The

‘ L I_ ‘; radial field produces an fonicing front of the type previously studied, 4 The

J' fromt proé.eeda down tho cylindor, loaving a highly lonized rotating plasma
if‘-;»"':;,_“,ti;':,fvbehind m Whan tho front arrivan at tho upposit@ onﬂ of tho cylindar. the gross

f

-." -
i
i
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e ,votation of the plasma iai atop?ed by short-circuiting the electrodes with the

bthar ignitron ahc;vén in Fig, 3. To re&nco the turbulence generated éither by

'j:‘ thiﬁ bmhing; action or by thelater npplicatien of tho wave-driving fields, a

‘ ,. ggzeopper screen in mounted at the end of tho cylinder oppoaite ‘the electrodes, 18

Although initial onsdensity measuremanto of the opecific plasma prepared in |

b this mannsr bhave not been made, it is oxpectod to be close to the initial neutral

:. densi’ymin keaping with the results obtained ot higher denoities with similar

‘ geometriea, fields, and energy tranefer, M S ‘

Ry A ‘§ a Appm:dmately 30 peec ofter tho electrodea hava been ahortocircuited

- i an 8.3*Mc electric field io applied for 1.0 moec; the xadio frequencies are

B iaolated trom the dmnitrv aupplying the ianizing f:'ont. Figure 4 shows

. ) onci.uoacope traces of the 8,3-Me current and voltage supplied to the electrodes:

A‘v\ The 8.3-Mc oscillator is capable of vlsanW power outpnt, although it was not

~operated at tu_u»output in the expérimontn deocribod here, At the oscillator

, géowex' level used, 'ivﬁve measurcmonts made later than 250 p.seé after the
c:»acinatar ia turned on are insenoitive to moderme variation in tha ionizing = |

e : conﬁidona auch a.s the level and timo duxation of the voltago driving the {nitial
. }ioni;.ing fr:tmto | |

WAVE-FIELD MEASUREMENTS

, L 7Y The wave magnotic ficldo wore maasured by using five 0.42~cm-diameter
. £aur-tux*n coils apaced at 1,27~cm intervals ixmide a0, socm-diametar glass

-tuba. This tube wao positioned along o radius of the discharge cylinder in such

o & manner that the radial dapendonca of b 9 could be obtained at any axiéd position
in the cyunder. Figure 5 ahawn bo(r) at four axial poaitiowa 800 pusec after the
wave—mducmg field is appliad. 'rho general behavior is as expected* the solid

"’“W% drawn. threugh thc e:tporlmental data at +25 ¢m and at +10 e¢m are

. .".
L L { » . ,
. [ . . o . L . £
-k : P s ; ,
iy Ce K P I . .
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+

proportional to 1/:'. The 1 / t dependenco 1o praaerved ov:ar most of the path,
in keeping with th@ renulm of the ¢alculations phown in Fig. 2, The wave fields

]
inereaae as the wave propagates toward lower magnetic fielda. then decrease '

. to' low values as thé ion cyclotron resonance is encountered, Variations in the

: l.f s . Wave -ﬁeld amplitudas amounting to appraximately & 15 of those amplitudes shown '
- .»;1 f in Fig, 5 wore observed from one discharge to another.- Not shown in Fig, 6 are

o the wave ﬁ‘ia}lds in regions connected to the electrodes along common magnetic ~
"ﬁeld liues; In thesa regiong, which are deaignated 'by the vextical bars, thev |

: wave fields are both small zmd nonreproducible,

Figure 6 shows in o more data.uad manner than Fig. 5 the amplitude of

b gdse function of axial position, Th‘aso measurements were made at a constant
: radiug niiéway between the clectrades, A sharp docrease in 'amplitudel near
;';r;cgaomnce is apparent, &2 is the slow increaco mnﬁﬁfﬁlimde over most of the
_",jv:path} due to the decrease of wave velocts . Amplitudé variations of approximately
, 'i 15% of the values ahoim also occeurred in these meaaurements; _ '

" 'x‘ha amplitude of the radial component of the wave field b has also been
studied . Two features of the behavior of this component have emerged First,
tha time dependence of the amplitude is much more marked than with b g Second,

;

L axcept in the resonance region tho mtio of amplitudes br/be is uniformly larger

than {a expected 6:: the basgis of the calculations outlined above, Both effects

| suggest‘ihat some mechanism other than pure wave propagation alongla decreasing

. ma,gnetic field is reaponsible for tranuferring some magnetic -ﬁeld energy from the

| 9 to the br component, On the other hand, in the resonance region the ratio ‘

br/b. ia #ery nearly imity at all timose--nnis expected for resonant ion motions,
The wave velocity can be determined from the = dependence of the wave |

phase. With the appraximationa discussed abova, where the waves are propa~-

gamd ina region ef apatiaiiy varying magueﬁc ﬂem. the phase shift is given
hy 4;(9.) af k(z) dm | a |

i
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‘ I"‘igﬁre 7 gﬁ‘ven the ba pﬁaw ohift with z at 800 psec aitez'- application of
‘»';_'Vth'eiwava field, 'I‘he points shown were obtained from a buccession of shots = ' |
: takm at t..!m vmiaw axial pommom wtth the pmb@ dwc.ﬁhed above, The
’ relatively la.rge ﬂcmter is dua to ahot-tc«shot variatiann between the wawe-‘ E
" Lvﬁeld phaaea and thmae of tho mﬂio«frequency driw cnrrent with which they are /
B compared. | - '
N | The wave velocity and hence plasnm density may ba obtained by fitting
. ;:,;'?.“Eqs. (14) and (20) tca the exporimental phase data of Fig, 7. 'I‘he solid curve
-‘V::i;fiin Fig. 7 is a plot of ${z) £ox' an ion density of 0,2% 10“7 kg/m + The fit near
the driving end ig qnite cloae, As resonance is approached, the phase measure;
:inema become increasingly unreliable, and the data depart from the solxd curve,
A comparison of tb.e ion densiw given by the above fit and the initial neutral |
\f':;.:"',’deuterium density of 11.8%10°7 kg/m indicates that approximately 1,7% of the
i:nitial density remains after 800 psac, | |
" - A further measure of the ion deneity may be obtained from the impedance
of the device considered a8 a plasma-filled wave guide. The impedance of
e F‘.‘:’E‘:.(?such a guide is givan by R |
BT EYTW UL |
where “0 in tha vacuum impedance of the guide and K ia the dielectric canstant
| @ven by . .o E o y .
S e tstgee/mh.
- The measured impedance of the plamxm {i.c., the ratio of the driving voltage »
‘ lto the driving current) at 800 psec is §,48 ohm; the fon density corresponding to

: ‘:...'thie impedanca is 0,26 x10~7 kg/ma. From Flg. 4 it is clear that the impedance |
: increasea menotonicauyaoindicating a conti:mal decrease in density during
applicaﬂon of the wave ﬁeldn, Densitios ¢alculated on the basis of Fig, 4

" _,_5':‘ ;A’_decreaaa by a tactet ot 5..4 from 100 poec tc 800 paac. o |

i
. hA !_,
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’I’he densities de acribed above have not been confirmed by other techniques.

However. the indication is that a considerable portion of the initial plaama ia

: 3.;7removed from the' wave ~propagation region by action of the wave fields,

.WAVEENERGY :
: ‘With the wava»ﬁeld data given above it is pcmsible to calculate the energy,’
. "content of the waves and to compare the wave power with that auppued by the

X oacillator. The total wawe energy per unit length is obtained by integration of
b (x-) over the m&ius, By combining this energy, the observed ratio of b /be,
- and the wave velocity determination made from the phase chift data, the total
Swave .ﬁQér is found to be 250 kW, ’rhe correaﬁonding total input power from

! the oscillator at 800 psec ia 380 kW Thus the efficiency of power transfer from
the. oacﬂlatar mto hydromagnetic wave motion is roughly 65%. Beyomi the mid-‘
pla,ne at =}0cm the wave amplitude is approximately 8 G, compared with 31 G
1,‘?";& at +10cm; thus, an emrgy loss across the resonance region in the ratio of
T 1511 4s s {mplied, |

SR . CONCLUSION

) ~ From these experimenfa it {s concluded that a substantial portion of the

, : power from the oscillator can be coupled into torsional hydromagnetic waves

e e

' in a highly lonized plasma by direct application of an oscillatory radial electric .

' ; field,_ These waves propagate in a relatively steep magnetic mirror geometry
L .+, to an jon cyclotron reeopanée region at the mirror center, where at least 90%

B

R of the wave cnergy is lost from the wave, = - ' .

P

SIS S
o

3
e
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" APPENDIX

R lon Orbits

H

Tha nature @5 cauﬂglon&ew ion orbits in a hydromagmtic wave may be E

vimmlimd by inspection of the solution of the equation of motion of an ion,

&

4 {Euvxn)]qamv." IR (A1)

N p A;In a sman. vol.ume element, the wave electric ﬁeld is geney any elliptically

3 polarized, approaching circular polarization ag the wavo approaches jon cyclo

’;«L;ge

" fron resonance, The wave electric ﬁeld io determined from the wave magneti

PRt

: ££e1d by Ma:mah's equaticn |

lThe solution of the eqmatioxx of motion contains two terms, showing that the
a motion consiata of the usual cyclotron motion superimposed upon a guiding-

center motioxﬁ.‘, The guiding.center motion is elliptical with its major axis

2 .center enipaé énlai-ges and becomes circular as resonance is approached

~ Some ion orbits and guiding-center ellipses are illustrated in Figs. 8 and
9 fér parameters listed in Table Al As the wave approaches resonance

v ,(w /u - 1}, the aupez'poaltion of these two motiona becomea an alternatmn o£
accelerating apirals and decelerating spirale._ In the Ii;nit wc/m £ 1, the
lvaccelaraﬁng spiral growa without boun& | |

The first serics of orbit diagrams (Fig. 8) {llustrates the effect of in-
creasing the wave frequency while other parameters are held constant, Using

L

1 eV am the enm-gy amaociated wmx the cyclotron motion, the transition is shown

e i o e ‘...,.,.‘...g.‘,-;..

A “perpendicular to the major axis of the elliptically polarized E field, The guiding-
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#

’I‘he second neriee of orbit diagrams {Fig. 9) showa collisionleas orbits

Tr g

under conditiona sixmlar to those in tlw present expe:riment. The principal -

. i
vaxiahl.e in this eeﬂ.ea ie the external magnetic field, which deereases in

auch a way as to eimulate wave propagation down the charnber toward the reso-

e
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- Figure Captionsf

iuncti.on of tha magnettc field £or plaamm dmmities py = 0.2 X 1076 kg/m v
= 0,2X10° 7\kg/m » and py = 0. 2x10° kg/m '

3
Fig; 2., Pxopagation constant k and attenuatian consatant ¢ plotted as a

_ f\mction of magnetic field for propagation modes 1, 3 ‘and 5
‘ Fig. 3. ’Eexparimental apparatua. o B

Fig, 4. Oaciuoacope traces of 8.3 Mc voltage (upper trace 2300 V/cm) and

" current (lower traca 900 A/cm) supplied to coaxial elactrode 8, Total
| m;veep .,ime is 1.0 msec, _ o B
"\f, v’Fig.- 5, Wave field b (r) at four axial positions 800 peec after ri start,
Amplitude variations of & 15% of thoae shown were obsarved

v Fig. 6. Wave field b (m) at a constant radius as a function of axial position'

| 800 peec after rf start, Amplimde variations of £ 15% of those shown
were observed

Fig. 7. Phaae ahift ot b, wave field as a function of axia.l position 800 psec
a.fter rf atart.

{Fig. 8, Ion orbits for various wave £requencie@(with wave amphmde and
wave number held constant), as an {llustration, The orbits increase
from 1 mm in major diameter to 3 mm as resonant conditicné are
approached Dashed linee represent guiding-center motion. and solid
unee the particle motion. -

Fig. 9. Ion orbits (under eonditions aimﬂar to those of this experiment) that

resomt field. L 'x'heae orbits are of the order o£ 3 mm in major diameter.

simulato a wave propagating aloug a decreasing magnetic field toward the o
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This report was prepared as an account of Government
4 sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

L 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
of 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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